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ABSTRACT  
   
The California Department of Transportation (Caltrans) is required to comply  
with the National Pollution Discharge Elimination (NPDES) permit, which includes the 
infiltration of stormwater runoff from highways and implementing soil based best 
managements practices (BMPs). Stormwater BMPs are in place to prevent pollution in 
stormwater runoff as well as to facilitate the stormwater discharge from the road. Per this 
new permit, Caltrans is to install soil based BMPs that can absorb the 85th percentile of a 
24-hour stormwater event. In order to absorb the stormwater runoff, the area used is the 
Clear Recovery Zone (CRZ), which are the road embankments/slopes located adjacent to 
the roadside. The CRZ must be traversable and recoverable in order to meet roadside 
traffic safety standards. A major concern for Caltrans is the uncertainty on how these 
BMPs will affect the safety of a vehicle, if a vehicle were to interact with the soft soils. 
In order to provide an insight on the effects of the BMPs, the modeling and 
simulation of vehicle dynamics under certain interactions between the roadside, soil, and 
vehicle was completed. The research used computer simulations to quantify the 
probability of rollover accidents under several different vehicle, driving and ground 
conditions. The vehicles traversing typical archetype roadsides on soft soil are simulated 
using MsMac3D software. It was important to model the properties of the vehicle, 
roadside, mechanical and hydraulic properties of soils realistically in order to obtain an 
accurate representation of a real-world vehicle and soil interaction. 
The outcome was a library of simulations that provided quantifiable data on the 
effect that soft soils have on the safety and rollover potential of a vehicle traversing the 
CRZ. 
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CHAPTER 1 
1    INTRODUCTION 
1.1 Brief History 
Today’s highways and roads are a crucial piece of infrastructure that is used  
daily by millions of commuters. A common typical cross section of a road includes the 
roadway, followed by an adjacent shoulder and an embankment on the outside of the 
roadway. It is typical to find either a barrier/guardrail to keep vehicles from departing the 
road onto the embankment. If no barrier is present, stiff compacted soil is placed in the 
embankment, so as to reserve the safety of a vehicle; where in the case of a deviation, the 
driver is to manage their way back onto the roadside, minimizing the potential of an 
accident, such as a rollover.  
The California Department of Transportation (Caltrans) is required to comply  
with the National Pollution Discharge Elimination (NPDES) permit, which includes the 
infiltration of stormwater runoff from highways and implementing soil based best 
managements practices (BMPs). Stormwater BMPs are in place to prevent pollution in 
stormwater runoff as well as to facilitate the stormwater discharge from the road. Per this 
new permit, Caltrans is to install soil based BMPs that can absorb the 85th percentile of a 
24-hour stormwater event. In order to absorb the stormwater runoff, the area used is the 
Clear Recovery Zone (CRZ), which are the road embankments/slopes located adjacent to 
the roadside. The CRZ must be traversable and recoverable in order to meet roadside 
traffic safety standards. This then creates the uncertainty on how exactly the new soil 
condition affects the behavior of the vehicle trying to recover, and if the safety of the 
driver is jeopardized under this new ground condition. A preliminary investigation on 
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behalf of Caltrans was completed and determined that no simple guidance existed for 
determining whether specific soil conditions would lead to an increased likelihood of 
vehicular rollovers. 
 
1.2 Vehicle Safety under New Ground Conditions 
In order to comply with the traffic safety requirements, it is important to get an  
understanding of exactly how the vehicle dynamics change under the new ground 
conditions. New ground conditions that may arise when a vehicle traverses these 
embankments, when stormwater causes strength loss in surface soil. Stormwater 
increases the pore pressure in the soil resulting in loss of inter-particle contacts (i.e. 
nearly zero effective stress). What this then creates is a type of soft soil, essentially mud, 
that has the potential to create a kind of rutting texture. This rutting texture then has the 
potential to change the vehicle behavior when traversing the ground, affecting the 
driver’s response, when the driver begins to react and recover. Such as in the case where 
if the vehicle begins to skid, as the wet soil begins to accumulate at the lateral face of the 
tire, this can then create a mechanism that has the potential to create enough force at the 
wheels to cause the vehicle to tilt on its side, and at the right speed, be the catalyst for a 
multi-rollover accident. 
 
1.3 Literature Review 
Roadside safety design was not considered as a major component in the design  
process of a highway until the late 1960s. Modern AASHTO design guidance recognized 
the importance of adjacent roadside areas and has since included design methodologies 
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for the CRZ. Some of these design methodologies provide context regarding to slope and 
soil compaction. The importance for these roadside features primarily deal with the effect 
they have on the vehicle dynamics, in the case of where a vehicle departs the roadside 
into the CRZ and tries to recover back onto the road. The majority of these studies 
emphasize on the vehicle characteristics (weight, suspension, center of gravity, etc.), 
roadside terrain, or soft shoulders; however, it has been suggested that 75% of all rollover 
crashes on the roadside are caused by the forces exerted on the tire by the soil digging up, 
or the vehicle encountering a ditch [8]. Addition of BMPs into the soil to increase water 
infiltration may cause the loss of soil shear strength, leading to a higher deformation of 
the soil. With a reduction in the soil shear strength, the tires of the vehicle may sink in 
deeper, causing the soil to dig up, and thus increasing the plowing force on the vehicle, 
resulting in a greater potential of a rollover accident [2].  
There are a variety of studies regarding the potential of rollovers and impact of 
vehicles into roadside barriers, which are good sources of information to extract some 
unknown factors; such as the typical departure angle at which a vehicle may impact or 
deviate from the roadside. However, there is a current lack of research and information 
on the dynamics of a vehicle over what is considered as “Soft Soil”. In this report, the 
classification of “Soft Soils” are those soils defined in Table 3.2, which are soils that are 
placed in the CRZ and generate sinkage. Thus, the lack of fundamental or even applied 
studies on the interaction between the soil mechanical response for various BMP 
strategies and potential traffic safety issues is a major concern.  
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1.4 Research Objectives 
The objective of this study was to obtain data by developing models and  
simulations of the soil/vehicle interaction in order to gain information regarding the 
dynamics of the vehicle while traversing the BMP implemented CRZ. This would then 
yield information regarding the effects of the stormwater BMPs and provide quantifiable 
data regarding traffic safety of a vehicle.  
The design of the research was based on modeling the roadside, the CRZ with 
implemented BMPs, the vehicle, and the driver’s response in order to predict the 
dynamics of the vehicle over the saturated ground conditions. These models were 
simulated using the MsMac3D software, a 3 dimensional accident reconstruction 
software developed by McHenry Software, which provides accurate simulations to a life 
size event. With the implementation of this software, a library of simulations was 
completed. Different factors were varied in the simulations in order to get a robust set of 
data. The primary factors varied were: steepness of the slope, departure angle, velocity, 
and the soils (which ranged from stiff to softer soil). These then provided a robust set of 
data and information that gives insight on the dynamics of the vehicle as it traversed the 
soft CRZ. The resulting library of simulations then provided the data necessary to 
determine whether or not the implementation of the BMPs compromises the traffic safety 
of a vehicle over the CRZ. 
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CHAPTER 2 
2    VEHICLE DYNAMICS 
2.1 Vehicle Selection 
 To begin the modeling process, it is important to first choose the vehicles that are 
of interest. This was done using AASHTO Manual for Assessing Safety Hardware 
(MASH) [1]. MASH is a manual that presents uniform guidelines for the crash testing of 
both permanent and temporary highway safety features and recommends evaluation 
criteria to assess the test results. According the MASH, the typical vehicles on the 
highway may be represented in three main categories: a small vehicle, large vehicle and a 
heavy truck. The small vehicle is selected to be the representative of the 2nd percentile in 
terms of vehicle weight for all passenger vehicles sold in 2002. The vehicle was found to 
be a small sedan with a representative weight of 2,420 lbs (1,100 kg). Meanwhile, the 
large vehicle was selected to be representative for the 90th percentile in terms of vehicle 
weight for all passenger vehicles sold in 2002. All vehicles in this category are light 
trucks, SUVs and a variety of pickup trucks. For this research, a small car sedan and a 
half-ton pick-up truck were selected. These vehicles have the designation 1100C for the 
car and 2270P for the truck.  
 
2.1.1 1100C and 2270P Vehicles 
 The 1100C is the typical sedan, and the 2270P is a common pick-up truck, which 
according to AASHTO’s MASH, were chosen based on the type, size and weight of the 
vehicle, in order to represent the majority of the vehicles on the highway. The properties 
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of the 1100C and 2270P are summarized in the table below. These properties are used 
when modeling the vehicle in the simulation software MsMac3D.  
Table 2.1 1100C and 2270P MASH Standard Vehicle Properties 
Factor Car Light Truck 
Description Sedan Four-Door, two wheel drive, 
half-ton pickup truck 
MASH Standard 1100C 2270P 
Weight (lb)/(kg) 2,420±55 / (1100±25) 5,000±110 / (2270±50) 
Dimensions (in.)/(mm) 
          Wheelbase 
          Front Overhang 
          Overall Length 
          Overall Width 
          Hood Height 
          Track Width 
 
98±5 / (2500±125) 
35±4 / (900±100) 
169±8 / (4300±200) 
65±3 / (1650±75) 
24±4 / (600±100) 
56±2 / (1425±50) 
 
148±12 / (3760±300) 
39±3 / (1000±75) 
237±13 / (6020±325) 
78±2 / (1950±50) 
43±4 / (1100±75) 
67±1.5 / (1700±38) 
Center of Mass (in.)/(mm) 
          Aft of Front Axle 
          Above Ground 
 
39±4 / (990±100) 
N/A 
 
63±4 / (1575±100) 
28 / (710) 
Tire 
          Type 
          Pressure (psi) 
 
P175/65R14 
32 
 
P265/70R17 
35 
Stepped Slope 3 (Variable) 3 (Variable) 
Parameters Not Defined in MASH 
Overall Height (in)/(mm) 54.7±5 / (1389.4±127) 237±13 / (6019.8±330.2) 
Hood Height (in)/(mm) 24±4 / (609.6±101.6) 43±4 / (1092.2±101.6) 
 
  Note, that MASH does not define average values for the Overall Height or Hood 
Height. Therefore, these values were obtained from the general values that the software 
MsMac3D recommends. 
 
2.3 Vehicle Dynamics  
2.3.1 Accident Reconstruction 
 The vehicle/soil interaction research is a task that can be done of either two ways, 
either propose real scale testing of a vehicle traversing a soft soil CRZ, or to simulate the 
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to-scale testing using a computer simulation program. For this research, the computer 
program MsMac3D was chosen to model and simulate the vehicle accidents.  
 MsMac3D is a vehicular accident reconstruction algorithm, with 3 dimensional 
vehicle dynamics simulation capabilities [4]. The process of reconstructing a motor 
vehicle collision involves collecting all available information about the interaction of the 
vehicles including vehicle trajectory information, damage information, vehicle 
specifications, and scene information [5]. Collision reconstruction techniques are then 
applied to make a preliminary determination on the impact speeds and impact speed 
changes. There are two basic reconstruction techniques used for performing the 
preliminary accident reconstruction: Trajectory Analysis and Damage Analysis 
Techniques.  
 Trajectory Analysis Techniques are based on applications of the principles of 
Conservation of Linear Momentum and Angular Momentum. This analysis technique 
includes the simplifying assumptions of instantaneous exchange of momentum, no 
consideration for tire to ground “external” forces during the collision, and straight line 
travel separation from the rest [5]. On the basis of Newton’s 2nd and 3rd laws, the total 
momentum of an isolated system of masses remain constant. This principle, Conservation 
of Momentum, serves as the theoretical basis for reconstruction of impact speeds and 
vehicle-to-vehicle collisions. Thus, if the individual speeds and directions of motion of 
the vehicles can be determined in a collision to travel from separation to rest, then the 
direction and magnitude of this system momentum can be used to determine the 
magnitudes and directions of the velocities of the vehicles that must have existed prior to 
the collision, the impact velocities. Analyzing the total energy dissipated as the vehicles 
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travel from separation to their position of rest, is essential in preparing trajectory-based 
reconstruction of the collision. This then provides estimates of the impact speed changes 
(𝛿𝑉) in the form of the differences between impact and separation velocities for each 
vehicle [7]. 
Damage Analysis Techniques are generally based on the CRASH Damage 
Algorithm. These damage analysis algorithms are based on measurements of crash tests 
against barriers, without consideration for restitution effects. The effect for not 
considering the restitution effects are that separate vehicles with completely different 
properties can share equal slopes and intercepts in CRASH type plots of the approach 
period speed-change as a function of residual crush. Due to this nature of the CRASH 
Algorithm, the National Highway Safety Administration (NHTSA), sponsored a research 
project to develop an improved computer program. This program became known as 
SMAC, Simulation Model of Automobile Collisions.  
SMAC is a time domain mathematical model in which the vehicles are 
represented by differential equations derived from Newtonian mechanics combined with 
empirical relationships for some components that are solved at successive time 
increments by computational integration. The SMAC computer model is an “open form” 
of reconstruction procedure, where the user may specify the initial properties and 
conditions of the collision, such as: dimensional, inertial, and mass properties of the 
vehicle, tire properties, initial speeds, angles and driver control inputs. The program takes 
advantage of computer capabilities and completes a step-wise integration of the equations 
of motion and produces detailed times histories of the vehicle trajectories including the 
collision responses. During the development of the algorithm, the developers compared 
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the predicted trajectories, rest positions, headings, and collision deformation produced by 
SMAC, with measured physical evidence, to determine the degree of correlation. Iterative 
runs were then performed, varying initial model properties until an acceptable overall 
match is achieved with the physical evidence [5]. 
McHenry SMAC (sMAC) is the result of modification, refinement, and 
extensions of SMAC.  
 
2.3.2 MsMac3D Program Development 
SMAC in its original form is in 2D, works in a flat plane. Under a contract for the 
Federal Highway Administration, McHenry Software developed the Highway Vehicle 
Object Simulation Model (HVOSM), one of the first 3D vehicle dynamics simulations. 
The HVOSM mathematical model was based on the modeling of a vehicle in 3D. 
 
Figure 2.1 HVOSM Mathematical Model 
 An analytical task in the development of the equations of motion for HVOSM 
was the definition of an indexing system of the angular coordinates such that unlimited 
yaw, pitch and roll angles could be accommodated without trigonometric problems. The 
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predominant non-collision forces occurs at the tires, and therefore, a focused approach 
was taken on the force generating properties of the tires as a function of loading, terrain 
surface properties, and angular conditions. However, this approach emphasized more on a 
vehicle/ground surface interaction, rather than a vehicle-to-vehicle collision analysis. 
SMAC on the other hand emphasizes on the vehicle-to-vehicle collisions, where the 
terrain is flat. However, terrains are not always flat, and vehicle responses may include 
significant rolling and/or pitching; both dynamic responses SMAC was not capable of 
analyzing. Upon interest of various parties, it was proposed to consider the development 
of a SMAC type vehicle-to-vehicle collision simulation using the 3D vehicle dynamics 
defined in the HVOSM algorithm. McHenry Software then developed what is now 
known as MsMac3D.   
 
2.3.2 Importance of MsMac3D 
 The development of MsMac3D allowed for the analysis of vehicle dynamics in 3 
dimensions, which then allowed for the analysis for both vehicle-to-vehicle collisions 
with the addition of terrain effects and severe vehicular movement responses. MsMac3D 
successfully combines the SMAC algorithm and techniques with the HVOSM algorithm 
that incorporates the unlimited movement for yaw, pitch and roll in order to develop a 
full 3 dimensional vehicular response. Below is a typical vehicular model used for 
modeling a MsMac3D vehicle, as well as the dynamics of a vehicle showing the yaw, 
pitch and roll angles that can now be recorded and analyzed. 
  11 
 
 
Figure 2.2 Yaw, Pitch and Roll Angles produced by MsMac3D 
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2.4 MsMac3D Software  
 An introduction to the user interface will be described in order to obtain a basic 
understanding of the concept of the software. 
 
2.4.1 Initial Input Parameters 
 When opening the program, it automatically opens on the M-Edit3D screen, which 
is the table that contains all the simulation parameters and initial conditions. The M-Edit3D 
screen is shown below. 
 
Figure 2.3 M-Edit3D Screen 
 It is essentially a table that is organized by columns and rows. The rows are called 
Cards, and every Card deals with a specific property in the simulation. For example, the 
first Card deals with the program control, such as the initial time and end time of the 
simulation, integral interval of the time, and how many vehicles will be simulated. Cards 
2 and 3 deal with the initial vehicle position in space, and cards 4 and 5 define the 
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properties and dimensions of the vehicle that will be simulated. Card 506 was a new 
addition to the software, and this is the card that contains all the soil properties. The 
definition of the card is shown below [6]. 
 
Figure 2.4 Soft Soil Option Inputs 
The soft soil inputs are governed by the factors, 𝑘𝑐, 𝑘𝑝ℎ𝑖 , and 𝑛, which are soil 
parameters. These inputs are defined in Chapter 3. It is important to note that the Tire 
Tread is the section width of the tire, which is 6.89 inches for the 1100C vehicle, and 
10.5 inches for the 2270P truck per MASH [1]. All of the Cards inputs are explained 
more in detail in Appendix A.   
 
2.4.2 MsMac3D Modeling 
 Once all the initial parameters and initial conditions have been set, the program can 
then be simulated using MsMac3D. This is done by selecting the icon circled in red below. 
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Figure 2.5 Running MsMac3D 
This then leads the simulation to be calculated and takes some time before the 
analysis is complete. Upon completion, the simulation may be viewed as a video as 
shown below. It is important to note however, that the terrain or any type of 3D 
parameters cannot be defined in M-Edit3D. Therefore, in order to add a terrain, or a 
special ground condition, the M-Edit3D would need to be set up initially, but the 
simulation would still not be complete. The ground conditions would need to be defined. 
Terrains may be either defined manually using points and identifying their elevation, or a 
.dxf file may be drawn up in AutoCAD and imported into the software. For this research, 
a .dxf file was used to model the roadsides. 
 Below is a simulation example that modeled a terrain with a 1100C vehicle. 
Click to run 
simulation 
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Figure 2.6 MsMac3D Simulation Example 
 On the right side of the screen, the window allows for the editing of various parts 
of the 3D model. By simply clicking on the vehicle, this allows the user to edit the 
vehicle initial position, velocity and heading angle. By clicking on the terrain, it allows 
the user to edit the ground, such as adding and modifying elevation points, or adding 
several terrains. The bottom left of the screen allows the simulation to be recalculated, 
and also contains the option to run and analyze the simulation at specific frames.   
 
2.4.3  Friction Zones 
One important tool that is needed is the friction zone. This is seen as the 
snowflake symbol shown in Figure 2.6. This then allows for a different ground condition 
to be added, such as a surface with a high friction, or in this research, a soil zone. The 
friction zone option was used to model the soil locations throughout the CRZ. This zone 
is shown below. 
Terrain 
Friction/Soil 
Zones 
Vehicle/Ground 
Properties 
Recalculate 
Simulation 
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Figure 2.7 Friction Zone Modeling 
 The friction zone’s geometry was defined by columns that can be placed 
anywhere along the terrain. They can be set to the elevation of the terrain, and the friction 
coefficient or soil type can be set for that zone. Several friction zones can be added to 
incorporate several different zones along the terrain. A typical value for tire sliding 
friction for asphalt and concrete is 0.75, with a peak value of 0.80-0.90; meanwhile 
gravel has a peak friction value of around 0.60 and earth road has a peak value of 0.68. 
For this research, a coefficient of friction of 0.75 was used throughout the entire CRZ to 
provide an average friction value of different ground conditions, as well as to generate 
enough lateral skid resistance for a conservative response. 
 
2.4.4 MsMac3D Simulation 
 Once all desired inputs have been set, the simulation may be recalculated and ran.  
The figures below show a simulation that was caught in separate time frames. 
Friction Zone 
Properties 
Friction Zone 
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Figure 2.8. MsMac3D Simulation 
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CHAPTER 3 
3    SOFTWARE MODELING AND SOIL PARAMETERS 
3.1 Simulation Library 
 To effectively and precisely determine the effect of soft soils on the dynamics of a 
vehicle, it is important to plan and define a specific set of models that need to be 
simulated. A defined model is one that has a specific set of initial parameters. The 
parameters that were important to consider in a vehicle roadside departure case were: 
• Vehicle Properties 
• Typical Cross Sections 
• Typical Driver Response 
• Departure Angles 
• Ground and Soil Properties 
This library of simulations was then used to get a general idea of the interaction 
between the soil and vehicle. However, once the initial set of simulations were analyzed, 
the library was extended for different driver responses in order to obtain a more robust 
library for the soil/vehicle interaction under different driving conditions. 
 
3.2 Archetype Road Cross Section 
3.2.1 Caltrans Typical Cross Sections 
 The typical cross section used for the simulations was based on a Typical Cross 
Section supplied by Caltrans.  
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Figure 3.1 Typical Cross Section 
This cross section served as the general format for developing the road and CRZ. 
To generate different cross sections for various scenarios, the slope of the embankment 
was varied between a 2H:1V (Horizontal : Vertical) slope to a 1H:1V flat slope. This 
would then provide a limit state range, where 2H:1V is the extreme case (not probable for 
use in real world construction) and the other extreme case of a flat CRZ. Note that the 
Caltrans typical cross section shows sharp corners on the edge of the shoulder and at the 
bottom of the embankment slope. 
Using then the Caltrans typical section as the general model, the roadside was 
developed for a 2H:1V, 3H:1V, 4H:1V and a 1H:1V slope in MsMac3D. 
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Figure 3.2 MsMac3D Typical Cross Sections 
Note that the flat slope typical cross section is not shown in the figures above. 
This cross section is similar to those shown, but no slope is present.  
 
3.2  Driver Response 
 In order to simulate a model, it is important to incorporate the response of the 
driver, to obtain accurate vehicle responses. Two driver responses were initially chosen 
based on the literature review that was completed. The first is based on the Fishook Test; 
meanwhile, the second was an induced lateral skid which was done to create the greatest 
concentration of forces on the tires. 
 
3.2.1 Departure Angle 
 When developing the driver response, it is important to first find the typical 
angles at which a vehicle may depart. Wrigth and Zador [11] reported that the average 
departure angle at 48 rollover crash sites examined in Georgia was 9.6°. Perchonok et al. 
[9] show that the distribution of vehicle departure angles is slightly different for divided 
and undivided highways but is mostly affected by whether the vehicle traversed a lane 
adjacent to the one in which it was traveling prior to departure. Figure 3.3 presents the 
distribution of departure angles from Perchonok, who found that the mean departure 
angle was 13.9°, with a median of 10° and the 85th percentile was approximately 20°. 
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Figure 3.3 Distribution of Departure Angles for Right-Side Departures 
 Based on this information, the departure angles chosen for the simulations were 3, 
5, 10, 15, and 20 degrees. 
 
3.2.2  Standard Driver Response 
 In order to develop an accurate representation of a real driver’s response, a 
literature review was conducted to determine what response would be most suitable. A 
test known as the Fishhook Test was used as a guide to develop the standard driver 
response; however, the main difference that do not apply are the departure angles, and the 
steering maneuvers, which will not be as extreme.  
This is maneuver is illustrated below. 
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Figure 3.4 Standard Driver Response 
In addition, another similar analysis was made by Peters & Iagnemma [10], who 
developed a complete dynamic review of a vehicle stability at off-road conditions. This 
similar response scheme is represented below. The general driver response, and vehicle 
maneuver was then incororated into the model.  
 
Figure 3.5 Analysis scheme proposed by Peters & Iagnemma 
  24 
Therefore, using those two models described above, a general driver response was 
developed. Upon departing the roadside, the first driver response considers a short 
reaction time of 0.7 seconds. The driver starts steering the wheel 0.2 seconds before, 
which means that the driver realizes that they have left the road 0.5 seconds after the 
simulation begins.  
Table 3.1 Standard Driver Response Maneuver 
Time (s) Driver Maneuvers 
0 The vehicle outs the road 
0.5 
Steer-wheel (300°) = 300/(steering ratio) = using a 
steering ratio of 16:1 we get 18.75⁰ (it takes 
approximately 0.2 seconds in makes all the turning) 
0.7 
Start braking (different conditions will be 
evaluated) for 2 seconds 
2.7 Start accelerating again 
 
Further literature and information regarding the driver response, driver reaction, 
and illustrations are located in Appendix B. 
 
3.2.2 Vehicle Induced Lateral Skid 
Upon review of the first standard driver response, it was evident that another 
response would be needed. In order to obtain a scenario where a rollover condition is 
more likely to happen, a skid driver response was modeled. With a side-skid scenario, the 
vehicle’s tires are oriented perpendicular to the direction of motion, thereby forcing the 
friction force created by the sinkage of the soft soil to act normal to the tires. This is a 
scenario that was thought to lead to more frequent rollover incidents and would therefore 
provide insights on the dangers of skidding on soft soils, as well as the effect of the soft 
soils themselves. In order to create the skid, tire locks were applied to the rear tires, 
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which causes the tail of the vehicle to swing as the driver is preparing to steer at 300°. 
Once the driver steers, the vehicle loses traction completely and begins a side-skid 
Figure 3.6 shows a case where a 2270P vehicle departs the roadside at 15°, traveling at 
75 mph on a 4:1 slope. In this case the vehicle enters the skidding position and ultimately 
rolls over due to the sinkage. 
 
 
 
 
(1) 
(2) 
(3) 
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Figure 3.6 Skid Simulation with a Rollover 
 These two driver responses described were then used to simulate the actions and 
behavior of a driver behind the wheel.  
 
3.3 Archetype Soils for Analysis 
3.3.1 Bekker’s Soil Conditions  
With the roadside model developed, vehicle inputs and driver response finalized, 
the final step for the simulation model is to begin incorporating the soils. It is important 
to first define the characteristics of what represents the conditions for a soft soil, and a 
stiffer soil, to create a range that can accurately represent the possibilities of different 
soils used in the CRZ. The parameters were extracted from Bekker’s soils, which were 
obtained from experimental field testing the soils under truck wheel loads, and measuring 
(4) 
(5) 
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the sinkage to obtain the parameters [2]. Bekker presented a table which included a list of 
41 different natural soils, which are presented below in Table 3.2.  
Table 3.2 Sets of Values for Soils and Moisture Contents. (Bekker, 1969) 
Soil Number Moisture Content kc kφ n Description 
1 13 5 7 0.8 
Sandy Loam, Michigan 
(Strong, Buchele) 
2 11 11 6 0.9 
3 23 5 20 0.7 
4 23 15 27 0.4 
5 21 14 38 0.4 
6 32 0.7 1.2 0.5 
Sandy Loam, Maryland 
(Hanamoto) 
7 31 1.5 1.2 0.4 
8 30 7.5 0.1 0.4 
9 29 1.6 2.7 0.6 
10   2.2 3 0.6 
11 26 5.3 6.8 0.3 
12 0 0.1 3.9 1.1 Dry Sand 
13 15 2.3 16.8 0.7 Sandy Loam  
14   10.5 37.2 0.6 Weed cover unploughed 
15   1.6 1.3 0.8 Ploughed (Buchele) 
16   15 64 0.95 Sod unploughed Mich. 
17   0 3.8 0.95 Sod ploughed 
18   11.2 19.2 0.95 Sod before discing 
19   6 36 0.6 Sod after discing 
20   0 217 0.12 Sod compacted by traffic 
21   5 7 0.8 Uncompacted (Buchele) 
22 Super Sat. 0.8 1.4 0.4 Top Layer Sandy Loam 
23 Super Sat. 5.3 6.8 0.3 Hardpan Maryland 
24 45 14 13 0.3 
Clayed soil (Thailand) 
25 47 24 8 0.6 
26 38 12 16 0.5 
27 185 3 3 1 
28 55 7 5 1 
29 55 7 14 0.7 
30 43 22 4 0.9 
31 25 45 140 0.13 
Heavy clay (WES) 
32 30 25 65 0.12 
33 35 14 30 0.125 
34 40 7 10 0.11 
35 22 45 120 0.2 
Lean clay WES 
36 24 30 80 0.17 
37 26 20 45 0.17 
38 28 10 30 0.16 
39 30 8 20 0.16 
40 32 5 10 0.15 
41 22 7 3 0.2 Sandy Loam (LLL) 
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3.3.2 Soft Soil Analysis 
For every soil in Bekker’s list, a pressure v. sinkage relationship was generated, 
which allowed an analysis on the soil stiffness. Equation 3.1 represents the Bekker Soil 
Deformation model formulation. The relationship provides the relationship between the 
pressure, sinkage, and soil parameters. Therefore, by inputting the respective soil 
parameters defined by Bekker in Table 3.2, and with a constant incremental increase in 
sinkage, the pressure generated by the respective sinkage may be calculated, determining 
which soils required a higher pressure for a certain sinkage value.  
𝑝 = (
𝑘𝑐
𝑏
+ 𝑘𝜙) 𝑧
𝑛     (3.1) 
where; 
p = vertical pressure, 
z = sinkage, 
n = exponent of soil deformation, 
kc = soil cohesion-dependent stiffness parameter, and 
kφ = soil friction-dependent stiffness parameter. 
 
 The pressure v. sinkage relationship was done by taking the range of sinkage, 𝑧, 
between 1 and 6 𝑖𝑛𝑐ℎ𝑒𝑠, and taking 𝑏 as 6.8 𝑖𝑛𝑐ℎ𝑒𝑠 and 10.5 𝑖𝑛𝑐ℎ𝑒𝑠, representing the 
tire tread width for the 1100C and 2270P vehicles respectively. From these results, the 
soils were then filtered and grouped between their respective order ranging from stiffest 
to softest soils. Five soils were then chosen that represented grossly different soil 
responses and provided a good limit state range of what is to be expected for the BMP 
soils. These five soils were represented as: 
• Hard – Pressure greater than 160 psi 
• Medium – Pressure between 52 psi and 85 psi 
• Special Study Case – Soil that exhibits a rapid pressure increase under lower 
sinkage, range from 7 psi to 360 psi 
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• Low Soft – Pressure between 5 psi and 24 psi 
• Super Soft – Pressure below 5 psi 
The pressure v. sinkage plots of the five chosen soils is shown in Figure 3.7. 
 
Figure 3.7 Pressure (psi) v. Sinkage (in.) of the Five Chosen Soils. 
 
As Figure 3.7 shows, the soils provide a limit range, where the Hard represented 
the upper limit of the soil list provided by Bekker, and the Super Soft represented the soil 
in the lower limit of the list provided by Bekker’s soils.  
These five soils are highlight in blue in Table 3.2, and summarized below in 
Table 3.3. 
Table 3.3 Set of Values for the Five Representative Soils. 
Soil Type kc kφ n Description 
41 7 3 0.2 Super Soft 
24 14 13 0.3 Soft 
16 15 64 0.95 Special Study Case 
32 25 65 0.12 Medium 
20 0 217 0.12 Hard 
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 These soil parameters may then be inputted into the software, in their card 506 
into their respective column as represented in Figure 2.4. 
 
3.4 Simulation Scenarios 
 Upon completion of the general model, MsMac3D was used to run the simulation 
cases described in Table 3.4 below. 
Table 3.4 Simulation Set Up and Code 
Variable Value Code 
Slope 
Flat S0 
2:1 S1 
3:1 S3 
4:1 S4 
Vehicle Speed 
35 V1a 
50 V1 
75 V2 
Soil Type 
Super-Soft G1 
Soft G2 
Study Case G3 
Medium G4 
Hard G5 
 3° DA3 
Departure Angle 
5° DA5 
10° DA10 
15° DA15 
20° DA20 
Vehicle type 
Car 1100C 
Truck 2270P 
Slope Width 40 ft 
 
This in return generates a total of 400 simulations per driver response. 
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3.5 Software Limitations 
3.5.1 Software Error Message 
As the models were being simulated, an unexpected error occurred in some 
simulations internally within the program MsMac3D. The problem with the errors were 
that once the error message was encountered, this automatically quit the program from 
running any further, and cutting the simulation short. Thus, the simulation data was not 
complete, and the results would only be recorded up to that exact iteration in which it 
stopped. Unfortunately, this error message occurred frequently for the simulations under 
the Induced Lateral Skid Driver response, right prior to the lateral skid. Therefore, since 
the simulation stops running prior to the skid, it is unknown whether the scenario would 
have ended in a rollover or not.  
MsMac3D has three failure criteria that are used to terminate a simulation: 
1. Input simulation time is reached 
2. Tire Sinkage is excessive, greater that one sixth of the tire diameter 
3. Excessive Forces 
The first failure criterion is used for typical simulations, as the total run time is an 
initial condition stated by the user, but the latter two are direct results of the incorporation 
of the soft soils. When criteria 2 or 3 are encountered, the simulation error message pops 
up shown below in Figure 3.8. 
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Figure 3.8 Software Limitation Error Message 
 Unfortunately, the error message does not allow the simulation to go any further, 
and therefore no data past that point is collected, nor is any visual simulation produced. It 
is important to understand exactly why criteria 2 and 3 affect the calculations behind the 
simulation. Essentially, as excessive sinkage occurs, a rather large force begins to 
accumulate at the tires where either two options may occur. Either the vehicle will 
undergo an impending rollover, or the tire has reached its strength capacity. Speaking 
from a strength point of view, the forces on the tire were large enough to cause the tire to 
deform and essentially rip it apart. This then affects the way the vehicle responds, as the 
complete failure of the tire is not an option in the simulation, and therefore, the 
simulation must come to a stop, as the stiffness of the tire is a critical property required 
for the simulation.  This effect can be seen by plotting either the Velocity Roll Angle or 
the Discomfort Factor, where the Discomfort Factor is defined in Equation 3.2. 
𝐷𝑖𝑠𝑐𝑜𝑚𝑓𝑜𝑟𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑎1 + 1.0 ∗ sin (𝑟𝑜𝑙𝑙 𝑎𝑛𝑔𝑙𝑒)  (3.2) 
 In this equation, 𝑎1 is the lateral acceleration, which accounts for the disturbance 
of any sudden movement on the center of gravity of the vehicle. An example of this 
occurrence is shown below in Figure 3.9.  
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Figure 3.9 Simulation Error; (a) Last Record of the Simulation when an Error 
Message Appears, (b) Velocity Roll Angle, and (c) Comfort index. 
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In the simulation provided, the 2270P truck enters a skidding position, and as the 
tires begin to dig into the soft soil, the error message appears and the simulation stops 
completely. Unfortunately, at this stage of the project, it was unknown whether the 
simulation would have ended in a rollover or not, post error message. Therefore, the 
simulations generated at this stage of the project that ended with an error message were 
classified as a special case to denote that the outcome of the simulation was unknown. 
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CHAPTER 4 
4    SIMULATIONS - MSMAC3D 
4.1 Simulation Library 
 Upon completion of simulating the models, the data was ready to be analyzed. 
With a large data set, it was important to visually inspect every simulation video in order 
to get a correct set of data to determine whether the vehicle ended in a rollover or not. 
This would then give details on how the vehicle behaves under different soils, which 
would give insight on which soils are better and worse for vehicle rollover potential – 
whether or not softer soils (mud and rutting) really do create a higher potential of 
rollovers. 
 To organize the data, a table was created that depicts if the simulation ended in a 
rollover or not. The table was labeled in such a way that looking up a simulation with a 
specific characteristic factor such as departure angle or soil type, would be easy to find in 
order to determine if it caused a rollover or not. The following tables summarize the 600 
models that were described in Chapter 3. The 2270P standard driver response was not 
completed, as this driver response was not considered to be an extreme response, 
compared to the side skidding. Note, that GT symbolizes a simulation that resulted in an 
error based on the impact of the vehicle into the grade transition, where the slope meets 
the flat ground surface. 
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Table 4.1 Simulation Results for 1100C Normal Driver Response 
Legend (Normal Driver Response – No Skid) 
Roll Over (No Error)     
Error (Possibility of Rollover)     
Error (No Rollover)     
No Roll Over (No Error)      
Note: GT signifies a rollover or 
pitch over caused by the grade 
transition. 
    DA 3 DA 5 DA 10 DA 15 DA 20 
V
 =
 3
5
 m
p
h
 
Slope 2:1 
G5           
G4           
G3           
G2           
G1           
Slope 3:1 
G5           
G4           
G3           
G2           
G1           
Slope 4:1 
G5           
G4           
G3           
G2           
G1           
Slope Flat 
G5           
G4           
G3           
G2           
G1           
V
 =
 7
5
 m
p
h
 
Slope 2:1 
G5         GT 
G4         GT 
G3         GT 
G2         GT 
G1 GT GT GT   GT 
Slope 3:1 
G5           
G4           
G3           
G2           
G1       GT   
Slope 4:1 
G5           
G4           
G3           
G2           
G1           
Slope Flat 
G5           
G4           
G3           
G2           
G1           
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Table 4.2 Simulation Results for 1100C Induced Lateral Skid 
Legend (Induced Lateral Skid) 
Rollover (No Error)     
Error (Possibility of Rollover)     
Error (No Rollover)     
No Rollover (No Error)      
Note: GT signifies a rollover or 
pitch over caused by the grade 
transition. 
    DA 3 DA 5 DA 10 DA 15 DA 20 
V
 =
 5
0
 m
p
h
 
Slope 2:1 
G5         GT 
G4         GT 
G3         GT 
G2         GT 
G1           
Slope 3:1 
G5           
G4           
G3           
G2           
G1           
Slope 4:1 
G5           
G4           
G3           
G2           
G1           
Slope Flat 
G5           
G4           
G3           
G2           
G1           
V
 =
 7
5
 m
p
h
 
Slope 2:1 
G5           
G4       GT GT 
G3           
G2       GT GT 
G1         GT 
Slope 3:1 
G5           
G4           
G3           
G2           
G1           
Slope 4:1 
G5           
G4           
G3           
G2           
G1           
Slope Flat 
G5           
G4          
G3           
G2           
G1           
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Table 4.3 Simulation Results for 2270P Induced Lateral Skid 
Legend (Induced Lateral Skid) 
Rollover (No Error)     
Error (Possibility of Rollover)     
Error (No Rollover)     
No Rollover (No Error)      
Note: GT signifies a rollover or 
pitch over caused by the grade 
transition. 
   DA 3 DA 5 DA 10 DA 15 DA 20 
V
 =
 5
0
 m
p
h
 
Slope 2:1 
G5    GT  
G4    GT  
G3      
G2    GT GT 
G1      
Slope 3:1 
G5      
G4      
G3      
G2      
G1      
Slope 4:1 
G5      
G4      
G3      
G2      
G1      
Slope Flat 
G5      
G4      
G3      
G2      
G1      
V
 =
 7
5
 m
p
h
 
Slope 2:1 
G5   GT  GT 
G4   GT  GT 
G3     GT 
G2   GT  GT 
G1   GT  GT 
Slope 3:1 
G5      
G4      
G3      
G2      
G1      
Slope 4:1 
G5      
G4      
G3      
G2      
G1      
Slope Flat 
G5      
G4      
G3      
G2      
G1      
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Table 4.4 Summary of Standard Driver Response for 1100C 
Factor No. of Rollovers No. of Possible Rollovers No. of Non Rollovers 
DA 3 0 0 40 
DA 5 0 4 36 
DA 10 0 0 40 
DA 15 0 1 39 
DA 20 2 3 35 
  
35 mph 0 0 100 
75 mph 2 8 90 
  
Slope Flat 0 4 46 
Slope 4:1 0 0 50 
Slope 3:1 0 0 50 
Slope 2:1 2 4 44 
  
G5 1 1 38 
G4 0 2 38 
G3 1 1 38 
G2 0 2 38 
G1 0 2 38 
 
Table 4.5 Summary of Induced Side Skid Driver Response for 1100C and 2270P 
Factor 
2270P 1100C 
No. of 
Rollovers 
No. of 
Possible 
Rollovers 
No. of 
Non 
Rollovers 
No. of 
Rollovers 
No. of 
Possible 
Rollovers 
No. of 
Non 
Rollovers 
DA 3 1 1 38 1 3 36 
DA 5 5 4 31 0 2 38 
DA 10 6 10 24 0 6 34 
DA 15 8 5 27 1 4 35 
DA 20 8 8 24 2 7 31 
     
50 mph 15 4 81 1 9 90 
75 mph 13 24 63 3 13 84 
     
Slope Flat 7 5 38 0 1 49 
Slope 4:1 8 6 36 0 2 48 
Slope 3:1 6 1 43 1 0 39 
Slope 2:1 7 16 27 3 19 28 
     
G5 12 14 14 3 2 35 
G4 13 4 23 0 5 35 
G3 2 2 36 1 3 36 
G2 1 6 33 0 5 35 
G1 0 2 38 0 5 35 
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The simulation table provides now quantitative data that provides insight on the 
cases that produce more rollover. The normal driver response for a 2270P truck was not 
done due to the objective of this research to determine essentially the worst case scenario 
a driver can face. The worst case scenario for the possibility of a rollover accident would 
be to create the largest forces possible on the tries, and therefore, the normal driver 
response was replaced with the induced lateral skid driver response.  
With this set of data, some of the factors that contribute to the rollover can start to 
be distinguished. For example, the number of rollovers at a smaller departure angle is less 
than that for a departure angle at 10 or 15 degrees. Also noting, there are a higher number 
of rollovers at a higher speed. The biggest factor however, is simply the difference 
between the vehicle, 1100C and 2270P. The 1100C vehicle has a much less probability of 
rollover than that of the 2270P. This is expected, as a small car has a much lower center 
of gravity than that of the truck. Therefore, when the plowing forces are accumulating at 
the faces of the tires, the moment arm (distance from the soil to the center of gravity of 
the vehicle) is much less for a car than for a truck. This in turn causes the 1100C car to 
require much higher energy to overturn the vehicle than the 2270P truck. 
 
4.2 Refined Simulations 
 Upon analysis of the first batch of simulations, it was then recommended to create 
a new set of simulations, that would in essence have the same methodology but with a 
more accurate representation of real world applications as well as to broaden some of the 
factors and include more options in the cases; such as increasing the departure angles, 
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and including more soils in between the ranges of G5 and G1. In addition to these factors, 
a new driver response was added for a more robust library.  
 
4.2.1 Updated Typical Cross Sections 
One of the first refinements came in the model set up, specifically the roadside 
cross sections. Referring to Figure 3.2, it was initially assumed that the cross sections 
were to have sharp transitions; however, after more analysis was done on the 
development of the cross sections, it was found that in general, the transitions tend to be 
more of a round shape in nature per AASHTO Roadside Design Guide. Therefore, the 
two transitions, the first being the edge of the road shoulder into the slope and the second 
at the end of the slope into the flat ground surface, were developed with a curvature. This 
would then provide a more realistic impact when the vehicle begins to deviate off of the 
road onto the slope, and when the vehicle reaches the point past the embankment slope 
onto the flat ground surface. 
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Figure 4.1 Updated Typical Cross Sections 
Note that the flat slope typical cross section is not shown in the figures above. 
This cross section is similar to the rest, but no slope is present. There was also no change 
in the flat slope presented for the earlier simulations. 
 
4.2.2 Additional Departure Angles 
In a comment provided by Caltrans, they suggested the addition of larger 
departure angles, specifically departure angles of 25 and 30. According to the Manual for 
Assessing Safety Hardware [1], a departure angle of 25 degrees represent approximately 
85th percentile of the respective impact conditions. Although this application is primarily 
for barrier impacts on the roadside, it was suggested that this angle may also be used for a 
roadside departure. The argument can be made that the events leading up to the impact on 
the barrier are the exact same as if there is no barrier, in this case, a roadside departure. 
Therefore, to accommodate for this response, two new departure angles were 
incorporated into the models, a 25 degree departure angle and a 30 degree departure 
angle.  
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4.2.3 Additional Driver Response – Vehicle Induced Swerve 
 One major addition to these new set of simulations was the creation of a new 
driver response, the Induced Swerve Maneuver. Based on the recommendation by 
accident reconstruction experts at the McHenry Software team, their experience is that a 
typical roadside departure may present itself as two difference scenarios: 
• A swerving maneuver to avoid an obstacle in the road 
• An inattentive driver that falls asleep or was distracted using a phone 
In the former case, the driver leaves the road at a high departure angle, maintains 
the wheel position for approximately 2 seconds (reaction time), and then turns back to the 
road. The latter case, the driver leaves the road at a shallow angle, and again after 2 
seconds, makes the maneuver for returning to the road. Both situations were included in 
the departure angle range proposed previously. For simulation purposes, two different 
conditions were considered, the first one considers the case when the driver performs the 
recovering maneuver without activating the brakes, see Table 4.6, and the second one 
evaluates the conditions when the driver activates the brakes while recovering, see Table 
4.7.    
Table 4.6 Induced Swerve (Non-Braking) Driver Response 
Time (s) Driver Maneuver 
0 Start the simulation 
0.5 – 0.7 
The driver starts leaving the road, and for 0.2 seconds turns the steering 
wheel at an angle equal to the departure angle (DA). The steering ratio is 
equal to 16:1 and then the wheels are maintained at this angle for 2 more 
seconds. 
2.7 – 3.1 
The driver starts making the recovering maneuver and in 0.4 seconds, they 
turns the wheel at a steering angle of 18.75 degrees (steering wheel rotation 
= 300 degrees)  
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Table 4.7 Induced Swerve (Braking) Driver Response 
Time (s) Driver Maneuver 
0 Start the simulation 
0.5 – 0.7 
The driver starts leaving the road, and for 0.2 seconds turns the steering 
wheel at an angle equal to the departure angle (DA). The steering ratio is 
equal to 16:1 and then the wheels are maintained at this angle for 2 more 
seconds. 
2.7 – 4.7 
The driver starts making the recovering maneuver and in 0.4 seconds, they 
turns the wheel at a steering angle of 18.75 degrees (steering wheel rotation 
= 300 degrees). As soon as the recovery starts, the driver pushes the brakes.  
 
4.2.4 Additional Soft Soils 
 With the data that was provided, it was observed that there were some gaps in the 
sinkages that were generated. In general, the stiffest soil provided, G5, was generating an 
average sinkage of around 1.0 to 1.5 inches; the sinkages generated by G4 was around 1.8 
to 2.3 and the sinkages provided by G2 was around 3.8 to 4.5. Therefore, there were 
substantial gaps for anything that is stiffer than G5, sinkages less than 1.0 inches, and a 
gap between soils G4 and G2, the range of around 2.5 to 3.5 inches. Note, the Special 
Study Case G3, was removed due to the properties and behavior of that soil being non-
realistic for real world applications. To solve this gap in sinkages, additional soft soils 
were incorporated. To obtain these new sinkages, the existing soils were used, but their 
properties were modified in order to obtain either a stiffer or softer soil. Referring to 
Equation 3.1, the properties of the soil can be modified to obtain a greater or smaller 
sinkage under the same pressure. This was done by modifying the 𝑘𝜙, 𝑘𝑐 and 𝑛 values. 
The soils that were modified were G5, to obtain a new stiffer soil G6, and G2, to obtain a 
stiffer soil G3 (G3 Special Study Case was replaced with this new stiffer soil version of 
G2).  
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Figure 4.2. Pressure (psi) v. Sinkage (in.) Refined Soft Soils  
A new summary of the soils used in this new batch of simulations is located in 
Table 4.8. 
Table 4.8 Updated Set of Soft Soils 
Soil kc kφ n Description 
G1 7 3 0.2 Super Soft 
G2 14 13 0.3 Soft 
G3 28 26 0.3 Modified Soft 
G4 25 65 0.12 Medium 
G5 0 217 0.12 Hard 
G6 0 256 0.12 Modified Hard 
 
4.2.5 Soft Soil Offset 
One final addition to the model was the creation of a case where Caltrans may 
incorporate the BMPs in various parts of the CRZ. All of the models have incorporated 
the BMPs throughout the entire width of the CRZ. This new set of models will now 
create three different zones of different set of BMPs. In general, it is expected for stiff 
soil to be located nearest the shoulder; therefore, the first zone, which is fixed, consisted 
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of the G5 soil, from 0 to 20 ft of the roadside shoulder. This approximately places the 
zone in the middle of the embankment slope, which has a width of 40 feet, from the outer 
edge of the shoulder to the end of the grade transition. The second zone, which varied 
depending on the soft soil being studied, was located from 20 ft to 60 ft beyond the 
shoulder. This then places the zone in the middle of the embankment slope, past the grade 
transition, and 40 ft into the flat ground surface. Past this point, it is expected for the soil 
to be non-compacted. It then makes sense to incorporate the softest soil past 60 ft from 
the soil. The overview of the zones are shown in Figure 4.3. 
 
Figure 4.3 Soft Soil Offsets 
  
4.2.6 Updated Simulation Scenarios 
 Table 4.9 provides a summary of the new simulation library that was generated.  
 
 
 
Zone 1: 0-20 ft 
Zone 2: 20-60 ft 
Zone 3: 60-195 ft 
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Table 4.9 Simulation Set Up and Code 
Variable Value Code 
Slope 
Flat S0 
2:1 S1 
3:1 S3 
4:1 S4 
Vehicle Speed 
50 V1 
75 V2 
Soil Type 
Super-Soft G1 
Soft G2 
Modified Soft G3 
Medium G4 
Hard G5 
Modified Hard G6 
 3° DA3 
Departure Angle 
5° DA5 
10° DA10 
15° DA15 
20° DA20 
25° DA25 
30° DA30 
Vehicle type 
Car 1100C 
Truck 2270P 
Slope Width 40 ft 
Soil Offset Uniform or Offset 
 
4.3 Software Limitations 
4.3.1 Software Error Message 
 Once more, with this new batch of simulations, the same error would occur. 
However, this error was then investigated more in depth in order to obtain some type of 
indicator that would allow an accurate prediction of the simulation. An analysis was done 
on several different key factors in the dynamics of the vehicle that would give an insight 
to try to predict a rollover with the data that was provided if the simulation were to stop. 
To do this, several different simulations that resulted in no error and a rollover were 
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studied and analyzed. To demonstrate, the simulation S0-2270P-DA15-G4-75 will be 
used as a benchmark reference for a simulation that ended in a rollover with no errors, 
and S0-2270P-DA15-G1-75, and S0-2270P-DA15-G5-75 will be used as the simulations 
that ended in an error.  
 
4.3.2 Roll Angle, Yaw Angle, and Pitch Angle 
 To initially begin the study, it was thought that there should be a certain threshold 
in the roll angle that would classify the vehicle as entering the nominal rollover position. 
However, this was not the case. Consider then the roll angle behavior with respect to time 
for the case that resulted in a clean rollover. 
 
Figure 4.4 Roll Angle v. Time for a Rollover Simulation 
The time a rollover occurs is evident, as the increase in roll angle can be seen to 
increase rapidly after 2.5 seconds. This can be confirmed by the simulation video. 
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Figure 4.5 Simulation S0-2270P-DA15-G4-75 Prior to Rollover 
Therefore, the threshold can be seen to be around 100 degrees for the roll angle. 
Other factors that were considered was the speed as well as the comfort factor.   
 
Figure 4.6 Speed v. Time for a Rollover Simulation 
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Figure 4.7 Comfort Factor v. Time for a Rollover Simulation 
The results seem to be giving decent numbers, as the speed at 2.5 seconds seem to 
be around 35 mph and the comfort factor at 2.5 g. These factors were of interest because 
it was thought that perhaps there is a minimum speed needed in order for the vehicle to 
have enough kinetic energy to overturn itself, since kinetic energy is directly proportional 
to the square of the velocity. The comfort factor, as defined in Equation 3.2, is a function 
of acceleration, and therefore, there should, in theory be a threshold where the vehicle 
experienced a rapid increase in acceleration as the vehicle rolled over. The simulation 
that resulted in an error was then analyzed. The figure below is the last frame shown prior 
to the error. 
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Figure 4.8 Simulation S0-2270P-DA15-G1-75 Prior to Error 
 The simulation gets cut before the truck can enter the skid position, so anything 
after this frame is unknown. Below are the plots for the roll angle, speed, and comfort 
factor. 
 
(1) 
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Figure 4.9 Simulation S0-2270P-DA15-G1-75 Results (1) Roll Angle v. Time (2) 
Speed v. Time (3) Comfort Factor v. Time 
 
 The numbers for the simulation are somewhat similar compared to the benchmark 
simulation that resulted in a rollover. The roll angle is not anywhere near as high as the 
benchmark, but it has the proper exponential increase, so it is possible that if the 
simulation would have kept on running, the result would have increased substantially. As 
for the speed, the speed is around the same speed as the benchmark, before it begins to 
(2) 
(3) 
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slow down substantially prior to the error, which could be an indication of a pending 
rollover? The comfort factor is seen to be 4.5 g, which is substantially higher than that of 
the benchmark at the time prior to the rollover. Therefore, the results are not really giving 
any valuable information. Another simulation can be analyzed to confirm the results. 
Below are the results for S0-2270P-DA15-G5-75. 
 
Figure 4.10 Simulation S0-2270P-DA15-G5-75 Prior to Error 
 In this simulation, the truck manages to enter the skid, but the simulation is cut off 
right before a possible rollover occurs. 
 
(1) 
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Figure 4.11 Simulation S0-2270P-DA15-G5-75 Results (1) Roll Angle v. Time (2) 
Speed v. Time (3) Comfort Factor v. Time 
 
 Once more, the results follow the general relationship; however, the actual values 
don’t give the confirmation desired. Unfortunately, every simulation that ended in an 
error had the same tendency to give the exponential increase, and no simulation provided 
any consistent results. Therefore, it was very difficult to actually determine with 
(2) 
(3) 
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confidence whether the values would eventually lead to the values provided by the 
benchmark or not. One last approach was to determine the rate of change of the curves; 
thinking that the roll angle should be able to provide a constant rate of change between 
the moment prior to the skid, and during a rollover. However, as the plots show, the slope 
of every error simulation was relatively similar, since the exponential increase creates a 
very steep slope. This then created difficulties when trying the match the slopes between 
the curves, as every slope varied greatly, depending on the interval of time in which it 
would begin to skid, and the time the simulation stopped.  
Another option that was investigated during this time was to increase the tire 
stiffness of the vehicle. This would then lead for the deformation of the tire to be avoided, 
thus not leading to the error. The problem with this is that by increasing or decreasing the 
tire stiffness, the dynamics of the vehicle would change completely. If the tire stiffness 
were to increase, this would cause the simulation to run completely without error, but due 
to the tire stiffness increase, it would cause the vehicle to be less susceptible to a rollover. 
This was observed by getting simulations that led to a rollover, and by increasing the tire 
stiffness, the rollover was gone. Therefore, the dynamics of the vehicle had changed, and 
this was no longer a viable option. 
 
4.3.3 Normal and Lateral Forces 
 Since the factors described above did not give predictions with an acceptable 
confidence margin, a new method had to be determined. By analyzing the videos, and 
relying on basic mechanics, it can be observed that as the vehicle is beginning to skid, 
there should be some sort of lift off from the left tires, since the objective of the vehicle is 
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to roll, every rollover begins by the left wheels lifting off the ground. Not only should the 
left wheels lift off the ground, but the moment those wheels begin to lift off, the soft soil 
begins to dig up onto the right tires, and as the entire weight of the vehicle leans onto the 
right tires, this should be causing an increase plowing force on the right tires. Therefore, 
rather than looking at values relying on a rate of change of movement, the focus was now 
on the forces acting on the tires. 
 The basic idea is to first determine whether the vehicle has begun tilting. This can 
be determined by analyzing the normal forces on the Left Front (LF) and Left Rear (LR) 
tires. If the vehicle has begun to tilt for a roll over at the skid, then the vehicle is 
optimizing its position for a rollover. The next step is to determine what magnitude force 
is needed in order to create a moment (energy) large enough, at the right tires, to cause 
the vehicle to overturn. In theory, there needs to be a threshold force, a minimum amount 
of energy, required to overturn the vehicle, and that value can be determined by analyzing 
the lateral forces acting on the tires. Essentially, if there is enough force acting on the 
Right Front (RF) and Right Rear (RR) tires, then the moment caused by that force should 
be able to overturn the vehicle, and this should be consistent with every simulation. 
Consider then the same scenarios used previously. For the benchmark case: 
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Figure 4.12 Simulation S0-2270P-DA15-G4-75 Normal Forces (1) Left Front Tire 
Normal Forces (2) Left Rear Tire Normal Forces 
  
Notice the normal forces begin to go to zero at around the 2.25 second mark, 
which is the time right when the vehicle begins to skid, as shown in Figure 4.5. It clearly 
shows the left tires lifting off the ground. Therefore, the plots are corresponding to the 
simulated video and the other results shown previously. Thus, the first test of left tires lift 
(1) 
(2) 
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off can confirm the tilting of the vehicle. The lateral forces can now be analyzed, since 
the vehicle has entered the rollover position. 
 
 
Figure 4.13 Simulation S0-2270P-DA15-G4-75 Lateral Forces (1) Right Front Tire 
Lateral Forces (2) Right Rear Tire Lateral Forces 
 
 Again, the point of interest is around the 2.5 second mark, as this is the point 
when the vehicle really begins to accumulate the highest forces prior to the rollover. For 
the RF tire, the lateral force benchmark is around 8,000 lbs; meanwhile for the RR tire, 
(1) 
(2) 
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the lateral force benchmark is around 4,000 lbs. Note that the jumps in forces throughout 
the rest of simulation deal with the rollover incident, meaning, the spikes in the tire’s 
forces are due to the vehicle rolling over and impacting once again onto the ground after 
it had rolled over in the air. 
 The simulations with errors can now be compared to the benchmark. 
 
 
Figure 4.14 Simulation S0-2270P-DA15-G1-75 Normal Forces (1) Left Front Tire 
Normal Forces (2) Left Rear Tire Normal Forces 
(1) 
(2) 
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 Based on the normal forces, the vehicle does not have both left tires lift off the 
ground. The LR tire seems to begin to lift off, but not the LF. Therefore, the vehicle is not 
in an optimal position for a rollover. The lateral forces can now be analyzed to fully 
predict the outcome. 
 
 
Figure 4.15 Simulation S0-2270P-DA15-G1-75 Lateral Forces (1) Right Front Tire 
Lateral Forces (2) Right Rear Tire Lateral Forces 
 
(1) 
(2) 
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 The vehicle now seems to meet the required forces on the RF tire, but the RR tire 
does not. In fact, the RR tire does not even reach 500 lbs, a 3,500 lb difference from the 
4,000 lb requirement for the RR tire. From the analysis, it can actually be predicted that 
the vehicle does not result in a rollover, but rather, the vehicle seems to have resulted in a 
minor pitch over scenario. Recall the LF tire not lifting off the ground, only the rear. 
Therefore, the rear tires may have most likely lifted off, but not the front tires, and the 
front tires have therefore accumulated most of the forces, which is supported by the 
lateral force plot shown for the RF tire. This then begins to explain the frame shown in 
Figure 4.8, where the vehicle can be seen to not enter the skid position, instead, it seems 
as if the vehicle heads straight, where it would have eventually came to a sudden stop due 
to all the soil build up at the front tires; a minor pitch over. Thus, it can be predicted with 
confidence that this simulation did not lead to a rollover. Analyzing the next simulation 
with an error. 
 
(1) 
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Figure 4.16 Simulation S0-2270P-DA15-G5-75 Normal Forces (1) Left Front Tire 
Normal Forces (2) Left Rear Tire Normal Forces 
 
 The left tires are now seen to both be lifting off the ground around the 1.9 second 
mark, which correspond to the time the vehicle begins to skid, as shown in the frame in 
Figure 4.10.  
 
(2) 
(1) 
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Figure 4. 17 Simulation S0-2270P-DA15-G5-75 Lateral Forces (1) Right Front Tire 
Lateral Forces (2) Right Rear Tire Lateral Forces 
 
 Again, the forces on the RF tire seem to have increased substantially; however, 
the RR tire meets the required 4,000 lbs. It was observed for every simulation that ended 
in an error that the forces on the RF tire always increase to a very high value, and 
therefore, the more important indicator was the RR tire. In most cases, the RR tire is what 
dictated whether the simulation ended in a rollover or not. This concept was then used on 
several other simulations that ended in a clean rollover, and they all met the requirements 
set forth. Therefore, by analyzing the forces acting on the tires, the simulation may be 
accurately predicted on whether the vehicle entered a rollover or not. It is important to 
note however, that the force threshold varies with initial speed and vehicle type. 
Therefore, the same analysis was carried out for a 2270P truck traveling at 50 mph, and a 
1100C traveling at both 75 and 50 mph. For the 1100C, it was a bit more difficult to 
obtain precise force thresholds due not having enough reliable data on clean rollovers.  
(2) 
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Table 4.10 Force Requirements for a Rollover 
 
2270P 
(75 mph) 
2270P 
(50 mph) 
1100C 
(75 mph) 
1100C 
(50 mph) 
LF Normal 
Force (lbs) 
0 at time of 
Skid 
0 at time of 
Skid 
0 at time of 
Skid 
0 at time of 
Skid 
RF Normal 
Force (lbs) 
0 at time of 
Skid 
0 at time of 
Skid 
0 at time of 
Skid 
0 at time of 
Skid 
RF Lateral 
Force (lbs) 
8,000 4,000 4,000* 4,000* 
RR Lateral 
Force (lbs) 
4,000 2,000 2,000* 2,000* 
*Values serve as a rough threshold. Values may vary on a case by case basis for the 1100C due to the pool 
of data regarding rollovers not being large enough for a reliable conclusion. 
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CHAPTER 5 
5    VEHICLE BEHAVIOR AND EFFECTS OF SOFT SOIL  
5.1 Updated Simulation Library 
 Once the models were updated, the simulations were then ran and a new updated 
library was established. In total, an additional 2,400 simulations were completed for this 
second batch of simulations. What was significant was the incorporation of the error 
prediction method described previously. All these simulations that ended in an error were 
put under the rollover prediction analysis and was determined to either end in a rollover 
or not. This then allowed for the data to be purely based on a rollover accident or not. In 
addition, the sinkages were also recorded for every simulation, in order to understand 
exactly what the sinkage values are doing. 
 The following is the legend for the simulation library. 
 
 
 Note, the addition of the asterisk * and double asterisk ** in the simulation 
library. The single asterisk represents a rollover incident that occurred right at the grade 
transition, and therefore, it is important to consider that these simulations ended with a 
rollover that was caused primarily because of the grade transition, rather than the type of 
soil that the vehicle encountered. The double asterisk is due to the higher departure 
angles, 25 and 30 degrees. At these departure angles, the vehicle becomes airborne when 
departing the roadside, therefore, flying over the embankment slope, and landing on its 
side. It is thought that the vehicle would have ended on its side, and therefore, was not 
considered a rollover. 
Legend 
Rollover     
No Rollover      
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Table 5.1 Rollover Results from Side-Skid Simulations with 1100C Vehicle 
Speed Slope Soil Type DA 3 DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
5
0
 m
p
h
 
 2:1 
G6 0.1 0.1 0.1 1.6* 0.1 0.1 2.2** 
G5 0.1 0.1 0.1 1.9* 0.1 0.1 2.2** 
G4 0.3 0.3 0.4 3.4* 0.4 0.5 0.6** 
G3 1.2 1.3 1.4 3.3 2.6 3.1 2.1** 
G2 0.1 3.0 3.0 3.3 3.6 3.8 2.0** 
G1 3.6 3.6 3.4 3.9 3.6 3.9 4.1** 
 3:1 
G6 0.1 0.1 0.1 0.2 1.5 0.1 0.2 
G5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.2 0.4 0.4 0.5 0.4 0.5 0.5 
G3 1.8 1.5 1.4 1.8 1.6 1.6 1.6 
G2 2.1 3.3 3.3 3.9 3.8 3.8 3.8 
G1 4.0 3.7 3.7 4.1 3.7 4.1 4.0 
 4:1 
G6 0.1 0.1 0.1 0.1 1.5 0.1 0.1 
G5 0.1 0.1 0.1 0.1 1.3 0.1 0.1 
G4 0.4 0.3 0.3 0.4 0.4 0.5 0.5 
G3 1.6 1.6 1.6 1.6 1.8 1.8 1.6 
G2 3.6 3.5 3.3 3.5 3.4 3.9 3.9 
G1 4 4.1 4.1 4.1 4.1 4.1 4.1 
 Flat 
G6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.3 0.4 0.4 0.4 0.4 0.4 0.4 
G3 1.4 1.5 1.6 1.6 1.6 1.6 1.6 
G2 3.4 3.6 3.6 3.8 3.8 3.8 3.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 4.1 
7
5
 m
p
h
 
 2:1 
G6 0.1 0.1 1.2* 0.1 0.8** 0.3** 0.4** 
G5 0.1 0.1 2.1* 2.2 2.0** 0.2** 0.3** 
G4 0.3 0.4 3.0* 1.1 1.0** 0.6** 0.2** 
G3 1.6 1.8 3.5 1.6 3.0** 0.4** 0.4** 
G2 3.1 3.2 3.5 2.7 3.9** 3.9** 0.5** 
G1 3.3 3.5 3.4 4.1 3.9** 3.9** 1.1** 
 3:1 
G6 0.1 0.1 2.2* 0.3 0.4 1.2 1.9 
G5 2.3 0.3 0.9 0.1 0.1 0.1 0.4 
G4 0.4 0.4 0.6 0.4 0.4 0.6 2.4 
G3 1.5 1.5 1.9 1.9 3.5 3.3 2.3 
G2 3.2 3.4 3.5 3.5 3.4 2.7 2.3 
G1 3.6 3.5 3.6 4.1 2.8 2.6 2.1 
 4:1 
G6 0.1 0.1 0.1 0.1 0.2 0.2 0.7 
G5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
G3 1.7 1.5 1.6 1.6 1.6 1.6 1.6 
G2 3.5 3.3 3.4 3.6 3.5 3.9 3.4 
G1 4.1 3.7 3.7 4.1 4.1 4.0 3.4 
 Flat 
G6 0.2 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.4 0.4 0.4 0.4 0.4 0.5 0.5 
G3 1.4 1.6 1.6 1.6 1.6 1.6 1.6 
G2 3.5 3.5 3.5 3.8 3.5 3.8 3.8 
G1 4.1 4.1 3.7 4.1 3.7 4.1 4.1 
* = vehicle rollover at the grade transition 
** = vehicle became airborne when leaving roadside 
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Table 5.2 Rollover Results from Side-Skid Simulations with 2270P Vehicle 
Speed Slope Soil Type DA 3 DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
5
0
 m
p
h
 
 2:1 
G6 1.6 1.5 1.7 1.5* 0.5* 0.1 0.5 
G5 1.8 1.6 2 1.8* 0.0* 0.5 0.5 
G4 0.6 0.7 1.2 3.4* 0.8 0.9 0.4 
G3 2 2.5 2.6 3.2* 3.3 2.6 0.4 
G2 4.2 4.6 4.6 4.3* 4.6* 4.6 3.8 
G1 4.6 4.1 4.1 4.5 4.6 4.3 3.8 
 3:1 
G6 0.1 1.4 1.4 0.9* 0.5 0.3 0.2 
G5 0.1 1.8 1.9 1.1* 0.6* 0.3 0.2 
G4 0.3 1.1 1.3 2.2 1.3 0.8 0.8 
G3 1.2 2.6 3.3 2.6 2.9 3.3 2.9 
G2 4.6 4.5 4.6 4.5 4.4 4.5 4.5 
G1 4.7 4.7 4.5 4.5 4.2 4.8 4.9 
 4:1 
G6 0.1 1.2 1.4 1.3 0.6 0.5 0.3 
G5 0.1 1.7 1.7 1.7 0.7 0.6 0.4 
G4 0.3 1 1.2 0.7 1 1.1 1 
G3 1.1 2.5 2.7 3.1 3 2.9 2.7 
G2 4.6 4.6 4.5 4.5 4.3 4.4 4.4 
G1 4.9 4.7 4.2 5 4.1 4.9 5 
 Flat 
G6 0.5 0.8 0.7 0.7 0.7 0.7 0.7 
G5 0.7 1.1 0.9 0.9 0.9 0.9 0.9 
G4 1.9 2.3 1.0 1.0 1.2 1.0 1.0 
G3 3.1 3.8 2.8 2.8 2.8 2.8 2.8 
G2 4.4 2.3 4.4 4.4 4.4 4.6 4.6 
G1 4.8 4.9 4.8 4.7 4.8 4.8 4.8 
7
5
 m
p
h
 
 2:1 
G6 1.4 1.2 1.7 1.8 1.6** 0.7** 0.12** 
G5 1.6 1.8 1.8* 1.9 2.0** 0.1** 0.1** 
G4 0.8 0.9 3.5* 1.5 1.9** 0.3** 0.1** 
G3 2.3 2.4 3.3* 2.7 1.9** 0.4** 0.2** 
G2 4.6 4.5 4.6* 3.9 4.2** 3.3** 2.4** 
G1 4.1 4.5 4.5 4.3 4.2** 3.2** 0.9** 
 3:1 
G6 1.3 1.5 1.5 1.5 1.5 0.9 0.9 
G5 1.8 1.6 1.9* 1.7 1.7 1.8 0.1 
G4 1 1.2 1.2 1.2 1.1 0.8 0.2 
G3 2.5 2.6 3.4 2.9 2.9 3.2 2.9 
G2 4.5 4.5 3.1* 4.5 3.8 0.3 0.3 
G1 4.1 4.3 4 4.8 4.8 0.6 0.6 
 4:1 
G6 1.4 1.7 1.3* 1.3 1.6 1.7 1.7 
G5 1.3 1.8 1.9 1.9 2 1.8 1.6 
G4 1 1.3 2.3 1.8 2.1 2 1.7 
G3 2.6 2.6 3.6 2.9 2.7 2.9 2.9 
G2 4.4 4.4 3.9 4.3 4.3 4.3 4.4 
G1 4.9 4.8 4.4 4.9 4.9 5 4.7 
 Flat 
G6 1.7 1.2 1.3 1.2 1.2 1.3 0.9 
G5 1.9 1.9 1.6 1.8 1.9 2 2 
G4 2.7 1.4 1.7 1.1 1.7 1.7 1.7 
G3 3.8 2.8 2.8 2.8 2.8 2.9 2.9 
G2 3.3 4.5 4.4 4.4 4.4 4.5 4.5 
G1 4.8 5 5 4.8 5 5 5 
* = vehicle rollover at the grade transition 
** = vehicle became airborne when leaving roadside 
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Table 5.3 Rollover Results from Non-Braking Swerve Maneuver with 1100C 
Vehicle 
Speed Slope Soil Type DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
5
0
 m
p
h
 
 2:1 
G6 0.1 0.2 0.2 0.2 0.2 0.2 
G5 0.1 0.2 0.2 0.2 0.2 0.3 
G4 0.9 1.7 1.9 1.7 2.0 2.0 
G3 3.2 3.4 3.5 3.4 3.5 3.5 
G2 3.8 3.8 3.8 3.6 3.8 3.6 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 3:1 
G6 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.2 0.2 0.2 0.1 0.1 0.1 
G4 1.2 1.2 1.1 0.9 0.9 0.7 
G3 3.5 3.5 3.4 3.0 3.0 2.5 
G2 3.8 3.8 3.8 3.7 3.7 3.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 4:1 
G6 0.1 0.1 0.1 0.1 0.0 0.0 
G5 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.6 0.7 0.6 0.5 0.4 0.3 
G3 2.3 2.2 2.0 1.8 1.6 1.4 
G2 3.7 3.8 3.8 3.8 3.8 3.2 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 Flat 
G6 0.0 0.0 0.0 0.0 0.0 0.0 
G5 0.0 0.0 0.0 0.0 0.0 0.0 
G4 0.2 0.2 0.2 0.2 0.2 0.2 
G3 0.8 0.9 0.9 0.8 0.8 0.7 
G2 1.9 2.2 2.1 1.9 1.8 1.7 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
7
5
 m
p
h
 
 2:1 
G6 0.1 0.3 0.2 0.2 0.3 0.3 
G5 0.2 0.4 0.3 0.3 0.4 0.3 
G4 1.2 2.2 1.9 1.7 2.3 2.0 
G3 3.5 3.5 3.5 3.5 3.4 3.5 
G2 3.7 3.7 3.8 3.7 3.8 3.8 
G1 4.1 4.1 4.1 4.1 4.0 4.1 
 3:1 
G6 0.2 0.1 0.1 0.1 0.1 0.1 
G5 0.2 0.2 0.1 0.2 0.2 0.1 
G4 1.6 1.3 1.2 1.1 1.1 0.8 
G3 3.5 3.5 3.5 3.3 3.3 2.5 
G2 3.8 3.7 3.8 3.8 3.8 3.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 4:1 
G6 0.1 0.1 0.1 0.1 0.1 0.0 
G5 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.8 0.6 0.5 0.6 0.5 0.4 
G3 2.2 2.2 1.8 2.0 1.8 1.6 
G2 3.8 3.8 3.8 3.8 3.8 3.2 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 Flat 
G6 0.0 0.0 0.0 0.0 0.0 0.0 
G5 0.0 0.0 0.0 0.0 0.0 0.0 
G4 0.2 0.2 0.2 0.2 0.2 0.2 
G3 0.8 1.0 0.9 0.8 0.8 0.8 
G2 2.0 2.3 2.0 1.8 1.9 1.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
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Table 5.4 Rollover Results from Non-Braking Swerve Maneuver with 2270P Vehicle 
Speed Slope Soil Type DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
5
0
 m
p
h
 
 2:1 
G6 0.1 0.3 0.5 0.5 0.6 0.5 
G5 0.1 0.5 0.6 0.7 0.6 0.7 
G4 0.6 3.0 3.2 2.6 2.8 3.4 
G3 3.1 4.2 4.2 4.2 4.1 4.1 
G2 4.6 4.6 4.6 4.5 4.6 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 3:1 
G6 0.2 0.3 0.2 0.3 0.3 0.3 
G5 0.3 0.3 0.3 0.4 0.3 0.3 
G4 1.7 2.0 2.2 2.1 1.7 1.9 
G3 4.2 4.1 4.0 4.2 4.2 4.2 
G2 4.6 4.6 4.6 4.6 4.6 4.6 
G1 5.0 4.9 5.0 5.0 5.0 5.0 
 4:1 
G6 0.1 0.2 0.2 0.2 0.2 0.1 
G5 0.2 0.3 0.3 0.2 0.2 0.2 
G4 1.0 1.9 1.7 1.6 1.5 1.2 
G3 3.1 4.2 4.2 4.2 4.2 3.7 
G2 4.6 4.6 4.6 4.5 4.6 4.5 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 Flat 
G6 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.5 0.6 0.6 0.6 0.6 0.6 
G3 1.8 2.2 2.2 2.1 2.2 2.2 
G2 4.4 4.6 4.6 4.6 4.5 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
7
5
 m
p
h
 
 2:1 
G6 0.0 0.0 0.1 0.0 0.7 0.5 
G5 0.1 0.0 0.1 0.1 0.8 0.6 
G4 0.4 0.2 0.1 0.4 0.5 3.4 
G3 2.5 4.2 4.2 4.2 4.1 4.1 
G2 4.5 4.6 4.5 4.6 4.5 4.5 
G1 5.0 5.0 5.0 5.0 5.0 4.9 
 3:1 
G6 0.3 0.1 0.0 0.3 0.3 0.2 
G5 0.1 0.1 0.1 0.4 0.4 0.4 
G4 2.6 2.7 2.6 0.4 2.4 2.1 
G3 4.2 4.2 4.2 4.2 4.2 4.2 
G2 4.5 4.4 4.5 4.6 4.6 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 4:1 
G6 0.2 0.1 0.2 0.2 0.2 0.1 
G5 0.2 0.1 0.3 0.2 0.2 0.1 
G4 1.5 0.5 0.5 0.4 1.4 1.3 
G3 0.0 4.2 4.1 4.2 4.1 4.1 
G2 4.6 3.6 3.7 4.6 4.5 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 Flat 
G6 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.1 0.1 0.1 0.1 0.1 0.2 
G4 0.5 0.4 0.7 0.7 0.8 0.5 
G3 2.0 2.3 2.3 2.3 2.6 1.9 
G2 4.6 4.6 4.6 4.6 4.6 4.5 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
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Table 5.5 Rollover Results from Braking Swerve Maneuver with 1100C Vehicle 
Speed Slope Soil Type DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
5
0
 m
p
h
 
 2:1 
G6 0.1 0.2 0.2 0.2 0.2 0.2 
G5 0.1 0.2 0.2 0.2 0.2 0.3 
G4 0.9 1.7 1.9 1.7 2.0 2.0 
G3 3.2 3.4 3.5 3.4 3.5 3.5 
G2 3.8 3.8 3.8 3.6 3.8 3.6 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 3:1 
G6 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.2 0.2 0.2 0.1 0.1 0.1 
G4 1.2 1.2 1.1 0.9 0.9 0.7 
G3 3.5 3.5 3.4 3.0 3.0 2.5 
G2 3.8 3.8 3.8 3.7 3.7 3.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 4:1 
G6 0.1 0.1 0.1 0.1 0.0 0.0 
G5 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.6 0.7 0.6 0.5 0.4 0.3 
G3 2.3 2.2 2.0 1.8 1.6 1.4 
G2 3.7 3.8 3.8 3.8 3.8 3.2 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 Flat 
G6 0.0 0.0 0.0 0.0 0.0 0.0 
G5 0.0 0.0 0.0 0.0 0.0 0.0 
G4 0.2 0.2 0.2 0.2 0.2 0.2 
G3 0.8 0.9 0.9 0.8 0.8 0.7 
G2 1.9 2.2 2.1 1.9 1.8 1.7 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
7
5
 m
p
h
 
 2:1 
G6 0.1 0.3 0.2 0.2 0.3 0.3 
G5 0.2 0.4 0.3 0.3 0.4 0.3 
G4 1.2 2.2 1.9 1.7 2.3 2.0 
G3 3.5 3.5 3.5 3.5 3.4 3.5 
G2 3.7 3.7 3.8 3.7 3.8 3.8 
G1 4.1 4.1 4.1 4.1 4.0 4.1 
 3:1 
G6 0.2 0.1 0.1 0.1 0.1 0.1 
G5 0.2 0.2 0.1 0.2 0.2 0.1 
G4 1.6 1.3 1.2 1.1 1.1 0.8 
G3 3.5 3.5 3.5 3.3 3.3 2.5 
G2 3.8 3.7 3.8 3.8 3.8 3.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 4:1 
G6 0.1 0.1 0.1 0.1 0.1 0.0 
G5 0.1 0.1 0.1 0.1 0.1 0.1 
G4 0.8 0.6 0.5 0.6 0.5 0.4 
G3 2.2 2.2 1.8 2.0 1.8 1.6 
G2 3.8 3.8 3.8 3.8 3.8 3.2 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
 Flat 
G6 0.0 0.0 0.0 0.0 0.0 0.0 
G5 0.0 0.0 0.0 0.0 0.0 0.0 
G4 0.2 0.2 0.2 0.2 0.2 0.2 
G3 0.8 1.0 0.9 0.8 0.8 0.8 
G2 2.0 2.3 2.0 1.8 1.9 1.8 
G1 4.1 4.1 4.1 4.1 4.1 4.1 
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Table 5.6 Rollover Results from Braking Swerve Maneuver with 2270P Vehicle 
Speed Slope Soil Type DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
5
0
 m
p
h
 
 2:1 
G6 0.1 0.3 0.5 0.5 0.6 0.5 
G5 0.1 0.5 0.6 0.7 0.6 0.7 
G4 0.6 3.0 3.2 2.6 2.8 3.4 
G3 3.1 4.2 4.2 4.2 4.1 4.1 
G2 4.6 4.6 4.6 4.5 4.6 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 3:1 
G6 0.2 0.3 0.2 0.3 0.3 0.3 
G5 0.3 0.3 0.3 0.4 0.3 0.3 
G4 1.7 2.0 2.2 2.1 1.7 1.9 
G3 4.2 4.1 4.0 4.2 4.2 4.2 
G2 4.6 4.6 4.6 4.6 4.6 4.6 
G1 5.0 4.9 5.0 5.0 5.0 5.0 
 4:1 
G6 0.1 0.2 0.2 0.2 0.2 0.1 
G5 0.2 0.3 0.3 0.2 0.2 0.2 
G4 1.0 1.9 1.7 1.6 1.5 1.2 
G3 3.1 4.2 4.2 4.2 4.2 3.7 
G2 4.6 4.6 4.6 4.5 4.6 4.5 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 Flat 
G6 0.1 0.1 0.1 0.1 0.1 0.1 
G5 0.2 0.1 0.1 0.1 0.1 0.1 
G4 0.5 0.6 0.6 0.6 0.7 0.7 
G3 1.9 2.2 2.2 2.2 2.3 2.3 
G2 4.5 4.6 4.6 4.6 4.6 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
7
5
 m
p
h
 
 2:1 
G6 0.0 0.0 0.0 0.0 0.4 0.5 
G5 0.1 0.0 0.1 0.1 0.1 0.2 
G4 0.8 3.7 3.1 3.3 3.6 3.4 
G3 2.5 4.2 4.2 4.2 4.1 4.1 
G2 4.5 4.6 4.5 4.6 4.5 4.5 
G1 5.0 5.0 5.0 5.0 5.0 4.9 
 3:1 
G6 0.2 0.1 0.0 0.1 0.2 0.1 
G5 0.0 0.1 0.0 0.0 0.1 0.2 
G4 2.6 2.7 2.6 2.4 2.4 2.1 
G3 4.2 4.2 4.2 4.2 4.2 4.2 
G2 4.5 4.2 4.2 4.6 4.6 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 4:1 
G6 0.2 0.0 0.1 0.2 0.1 0.1 
G5 0.2 0.0 0.1 0.1 0.2 0.2 
G4 1.5 2.1 2.2 1.8 1.4 1.3 
G3 4.2 4.2 4.1 4.2 4.1 4.1 
G2 4.6 4.6 4.5 4.6 4.5 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
 Flat 
G6 0.2 0.2 0.1 0.1 0.1 0.1 
G5 0.2 0.2 0.2 0.2 0.2 0.2 
G4 0.6 0.7 0.7 0.7 0.8 0.6 
G3 2.1 2.4 2.4 2.3 2.7 2.0 
G2 4.6 4.6 4.6 4.6 4.6 4.6 
G1 5.0 5.0 5.0 5.0 5.0 5.0 
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The library is summarized, based on the driver response. 
Table 5.7 Updated Induced Side Skid Driver Response Summary 
Factor 
             2270P                                     1100C 
No. of 
Rollovers 
No. of Non 
Rollovers 
No. of  
Rollovers 
No. of Non 
Rollovers 
DA 3 10 38               0 48 
DA 5 18 30               0 48 
DA 10 25 23               6 42 
DA 15 21 27               3 45 
DA 20 24 24               0  48 
DA 25 17 31               0  48 
DA 30 5 43               0 48 
     
50 mph 51 117                3 165 
75 mph 69 99                6  162 
     
Slope Flat 30 54                0 84 
Slope 4:1 32 52                0 84 
Slope 3:1 22 62                1 83 
Slope 2:1 36 48                8 76 
     
G6 32 24                3 53 
G5 46 10                2 54 
G4 23 33                2 54 
G3 5 51                1 55 
G2 12 44                1 55 
G1 2 54                0  56 
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Table 5.8 Non-Braking Swerve Maneuver Driver Response Summary 
Factor 
             2270P                                     1100C 
No. of 
Rollovers 
No. of Non 
Rollovers 
No. of  
Rollovers 
No. of Non 
Rollovers 
DA 5 9 39               0 48 
DA 10 11 37               0       48 
DA 15 8 40               0 48 
DA 20 5 43               0  48 
DA 25 1 47               0  48 
DA 30 1 47               0 48 
     
50 mph 0 144                0 144 
75 mph 35 109                0  144 
     
Slope Flat 13 59                0 72 
Slope 4:1 9 63                0 72 
Slope 3:1 9 63                0 72 
Slope 2:1 4 68                0 72 
     
G6 8 40                0 48 
G5 10 38                0 48 
G4 11 37                0 48 
G3 1 47                0 48 
G2 5 43                0 48 
G1 0 48                0  48 
 
Table 5.9 Braking Swerve Maneuver Driver Response Summary 
Factor 
             2270P                                     1100C 
No. of 
Rollovers 
No. of Non 
Rollovers 
No. of  
Rollovers 
No. of Non 
Rollovers 
DA 5 10 38               0 48 
DA 10 9 39               0       48 
DA 15 9 39               0 48 
DA 20 8 40               0  48 
DA 25 8 40               0  48 
DA 30 7 41               0 48 
     
50 mph 2 142                0 144 
75 mph 49 95                0  144 
     
Slope Flat 11 61                0 72 
Slope 4:1 14 58                0 72 
Slope 3:1 12 60                0 72 
Slope 2:1 14 58                0 72 
     
G6 24 24                0 48 
G5 25 23                0 48 
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Factor 
             2270P                                     1100C 
No. of 
Rollovers 
No. of Non 
Rollovers 
No. of  
Rollovers 
No. of Non 
Rollovers 
G4 0 48                0 48 
G3 0 48                0 48 
G2 2 46                0 48 
G1 0 48                0  48 
 
5.2 Important Rollover Potential Factors 
 With a robust set of quantitative data, patterns can now be observed to determine 
the behavior of the vehicle encountering various factors when departing the roadside onto 
the CRZ. 
 
5.2.1 Vehicle Type 
 The first main factor affecting the probability of a vehicular rollover is the vehicle 
type. The 1100C does not have a tendency to rollover, as described previously. This is 
due to the low center of gravity. The 2270P on the other hand created the vast majority of 
the rollover incidents in the entire simulation library. In fact, of the 215 simulations 
presented above that ended in rollovers, only 9 of them were rollovers from the 1100C 
vehicle; meanwhile, the 2270P accounted for 206 of them. This means that of all the 
rollover accidents, a small vehicle has a 4% chance of being involved. Therefore, one of 
the main factors for determining the probability of a rollover is the type of vehicle.  
 
5.2.2 Vehicle Velocity 
Another important factor that influences heavily on the dynamics of the vehicle, 
and the probability of a rollover is the initial departing velocity of the vehicle. According 
to the simulation tables, if a 2270P vehicle departs at 75 mph velocity, it has a 17% (153 
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rollovers / 912 simulations for 2270P) chance of ending in a rollover; meanwhile if the 
same vehicle departs at 50 mph, the probability is reduced to 6% (53 rollovers at 50 mph 
/ 912 simulations for 2270P). Therefore, the higher the speed, the more likelihood of the 
vehicle ending in a rollover. This should be as expected, as the higher the speed, the more 
kinetic energy is available while traversing the CRZ. The more energy, the higher the 
instability, causing the vehicle to get exited much quicker and easier for an overturning 
motion. 
 
5.2.3 Vehicle Departure Angle 
Another factor of interest was the departure angle. The departure angle was a bit 
more difficult to analyze due to a pattern not being quite evident. In fact, the departure 
angle seems to be more dependent on the driver response rather than being an overall 
factor in the probability of a rollover. For example, if the vehicle were to skid, the 
shallower the departure angle, the less probability of a rollover, which is also true for 
departure angles greater than 20. However, if the driver response is a swerve maneuver, 
the shallower the departure angle, the higher the probability of a rollover, and that 
probability is reduced with an increase in the departure angle. Therefore, the departure 
angle, although is important in causing a potential rollover, is heavily weighed on the 
driver’s response. 
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5.2.4 CRZ Cross Section Slope 
One of the main points of interest was the effect of the CRZ slope. It was 
expected for the steeper the slope, the higher the instability, thus, causing a higher 
potential for rollovers. However, that was not always the case. Take Table 5.7 for 
example, the highest number of rollovers occurred for the 2:1 slope, but the second 
highest was the 4:1 slope, followed closely by the CRZ with no slope at all. The 3:1 slope 
was actually the safest slope of all of them, yet it is the second steepest Typical Cross 
Section. For the swerve maneuver with no braking, the steepest slope was observed to be 
the safest option, producing the least amount of rollovers. This is then a point of concern, 
as intuition leads to the thought that the steeper the slope, the higher the probability of a 
rollover; however, that does not seem to be the case for the simulations. Therefore, there 
are two possibilities, either the software is predicting the behavior incorrectly, or the 
dynamics of a rollover is much more complicated than a simple incline.  
As it turns out, the dynamics a vehicle undergoes while traversing a slope is much 
more complicated than what the intuition leads to believe, and there are many factors that 
play a role in the behavior of the vehicle. According to Deley’s and Parada’s (1986) 
research [3], for embankments with a fill slope, there is not a consistent relationship 
between the proportion of rollovers and the slope. In fact, in their study, a 3:1 slope 
obtained a higher number of rollovers, compared to that of a 2:1 slope. (Note, that this 
study does not incorporate the use of BMPs.) Therefore, there is no real correlation 
between the slope steepness and the probability of rollover due to many factors being an 
influence on the vehicle behavior. In some scenarios, the vehicle may simply land in the 
wrong position, whether it be at the grade transition or at a sharp angle, causing the 
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vehicle to rollover. Or the vehicle may land in a good stable position, managing to 
balance out at the grade transition, and avoid any type of rollover. It is a complicated 
system that has many factors that play into the behavior of the vehicle and the overall 
outcome of the simulation. 
 
5.2.5 Effect of Soft Soils 
The main objective of this research is to determine the effect soft soils have on the 
dynamics of a vehicle when it traverses the CRZ. Using the quantitative data that has 
been provided by the simulation library, some conclusions can begin to be made based on 
whether soft soils have an effect, and which soils are more problematic than others.  
All in all, it can be observed that soils do have the potential of generating 
rollovers. The better question however is which soils generate the higher potential? It can 
be observed that the soils that had the higher probability of a rollover, are those on the 
stiffer spectrum, such as G6, G5 and G4. Based on Table 5.7 for a 2270P truck, there was 
a total of 336 simulations done, of which 120 of those resulted in a rollover. This 
provides a 36% chance of a rollover in those scenarios, of which, G6, G5, and G4 
account for 101 of the 120 rollovers, an 84% share. Thus, these three soils represent 84% 
of all rollovers that would occur under those driving conditions. Even for the 1100C, 
although the probability of a rollover occurring under those driving conditions is only 9 
out of 336 simulations, the soils G6, G5, and G4 make up 7 of those rollovers, a 78% 
share. Moving onto the other driver responses, the same trend holds true. In fact, for the 
2270P driver response of the swerve maneuver with braking, the soils G6, G5, and G4 
make up 49 of the 51 rollovers, a 96% total share of all rollovers occurring under those 
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driving conditions. Therefore, the trend does exist, the problem is that this again goes 
against the basic intuition.  
Using common intuition, it was expected that softer soil would tend to deform 
under the vehicle’s pressure, thus causing soil buildup at the face of the tire. This soil 
build up would then cause excessive plowing forces at the tire, causing the vehicle to 
impact against this wall of soil being generated at the tire, causing the vehicle to overturn 
and rollover. However, what is being seen is quite the opposite. The stiffer soil, which 
has a general sinkage range of 0.5 to 3.0 inches creates a higher probability of a rollover 
than a soft soil with a general sinkage range of 3.1 to 5.0 inches. This is why the sinkages 
were recorded for this round of simulations, to see exactly what the range of interest is. 
The results then begin to get questioned, how exactly are the stiffer soils causing a larger 
probability of a rollover than the soft soils? 
After an analysis on the dynamics of the vehicle, one important factor was 
observed that had a large effect on the behavior of the vehicle: velocity. What is 
occurring is that when a vehicle travels over a stiffer soil, the velocity decreases slowly, 
resulting in a high velocity when completing the skid, and leading to the rollover. 
Meanwhile, for a softer soil, the velocity of the vehicle is slowed down substantially, and 
thus the vehicle has less momentum when completing the skid, and a reduced likelihood 
of a rollover. Specifically for the 2270P, it was seen that if the soil was too soft, the 
vehicle’s speed was reduced by around 10 mph. In addition to the slower speeds, with the 
increased sinkage and the associated soil buildup at the tires, this causes the altering of 
the driver response and makes it more difficult for the vehicle to side skid. Essentially, 
when the tires cannot rotate because there is too much soil build, it simply travels in its 
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original trajectory (initial departure angle), causing the majority of the forces to act on its 
front tires and further slowing the vehicle. Figure 5.1 below shows the velocity profile 
for an excessive sinkage, approximately 4 in., (S4-1100C-V2-G1) relative to a normal 
sinkage, approximately 0.5 in. (S4-1100C-V2-G5). Thus, the simulations suggest that 
there is a range of sinkage levels that can increase the probability of rollover. An 
approximate range is 0.5 inches to 3.0 inches (with considerable variability depending on 
the exact slope, speed, departure angle, and driver response). 
 
Figure 5.1 Velocity Profiles for G5 and G1 soil. 
The important takeaway is that the vehicle loses less velocity when traveling on 
harder soils than that softer soils due to the plowing force accumulating in front of the 
tires. In the cases shown in Figure 5.1, the skid begins at around 2.25 seconds, where the 
vehicle on G5 is traveling at around 56 mph; meanwhile, the vehicle traveling on G1 soil 
starts the skid at 30 mph. Therefore, the vehicle on G5 has more energy to complete the 
rollover. 
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5.2.6 Soft Soil Offset 
 The final set of simulations that were completed was the offset of the soft soils as 
stated previously. The objective of these simulations was to give Caltrans an idea of how 
the location of the soft soils would affect the behavior of the vehicle, and to determine 
how this scenario would affect the rollover potential. It would be possible for Caltrans to 
want to layer out the BMPs across different distances from the shoulder to either reduce 
cost, or to optimize the safety of the traffic if a vehicle were to traverse the CRZ. 
The following presents the outcome of placing various soft soils at different 
locations.  
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Table 5.10 Rollover Results from 1100C Side Skid Driver Response – Soil Offset 
Speed  Slope Soil Type DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
V
 =
 5
0
 m
p
h
 
2:1 
G6 0.1 0.1 1.6* 0.4 1.2 2.1** 
G5 0.1 0.1 1.9* 0.4 1.2 1.3** 
G4 0.1 0.4 3.4* 0.9 1.7 1.7** 
G3 0.1 1.4 3.3 3.1 3.2 3.1** 
G2 0.1 3.0 3.3 3.6 3.8 3.6** 
G1 0.1 3.4 3.9 3.6 3.9 4.1** 
3:1 
G6 0.1 0.1 0.2 1.5 3.9 4.1 
G5 0.1 0.1 0.1 1.6 3.9 4.1 
G4 0.1 0.4 0.5 2.7 4.1 3.9 
G3 0.1 1.4 1.8 3.8 3.9 3.8 
G2 0.1 3.3 3.9 3.8 3.9 4.1 
G1 0.1 3.7 4.1 3.7 4.1 4.0 
4:1 
G6 0.1 0.1 0.1 1.5 3.8 4.1 
G5 0.1 0.1 0.1 1.3 3.6 4.1 
G4 0.1 0.3 0.4 3.9 3.9 4.1 
G3 0.1 1.6 1.6 3.9 4.1 4.1 
G2 0.1 3.3 3.5 3.9 4.1 4.1 
G1 0.1 4.1 4.1 4.1 4.1 4.1 
Flat 
G6 0.1 0.1 0.1 3.4 4.1 4.1 
G5 0.1 0.1 0.1 3.5 4.1 4.1 
G4 0.1 0.4 0.4 3.6 4.1 4.1 
G3 0.1 1.6 1.6 3.9 4.1 4.1 
G2 0.1 3.6 3.8 3.8 4.1 4.1 
G1 0.1 4.1 4.1 4.1 4.1 4.1 
V
 =
 7
5
 m
p
h
 
2:1 
G6 0.1 1.2* 0.1 1.7** 0.9** 0.4** 
G5 0.1 2.1* 0.1 1.9** 0.2** 0.3** 
G4 0.1 3.0* 1.1 1.4** 0.8** 0.2** 
G3 0.1 3.5 1.6 3.2** 0.6** 0.4** 
G2 0.1 3.5 2.7 4.1** 3.9** 0.5** 
G1 0.1 3.4 4.1 4.1** 3.9** 1.1** 
3:1 
G6 0.1 2.2* 0.5 2.7 3.9 4.0 
G5 0.1 0.9 0.3 2.7 3.9 3.5 
G4 0.1 0.6 1.2 3.1 3.9 3.7 
G3 0.1 1.9 2.1 3.6 3.8 4.1 
G2 0.1 3.5 3.8 3.4 4.1 4.1 
G1 0.1 3.6 4.1 3.6 4.1 4.1 
4:1 
G6 0.1 0.1 1.4 3.9 3.7 4.1 
G5 0.1 0.1 1.4 3.9 3.9 4.1 
G4 0.1 0.4 2.1 3.9 4.0 4.1 
G3 0.1 1.6 3.8 4.1 4.1 4.1 
G2 0.1 3.4 3.9 4.1 3.9 4.1 
G1 0.1 3.7 4.1 4.1 4.0 4.1 
Flat 
G6 0.1 0.1 2.7 3.8 4.0 4.0 
G5 0.1 0.1 2.8 3.7 4.0 4.1 
G4 0.1 0.4 3.1 3.7 4.1 4.0 
G3 0.1 1.6 3.9 4.1 4.1 4.1 
G2 0.1 3.5 4.1 4.1 4.1 4.1 
G1 0.1 3.7 4.1 4.1 4.1 4.1 
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 Table 5.11 Rollover Results from 2270P Side Skid Driver Response – Soil Offset 
Speed Slope Soil Type DA 5 DA 10 DA 15 DA 20 DA 25 DA 30 
V
 =
 5
0
 m
p
h
 
2:1 
G6 2.0 1.8 1.7 0.4 4.8 4.8** 
G5 2.0 1.9 2.0 0.2 4.9 2.1** 
G4 2.0 0.5 3.6 1.2 4.8 3.7** 
G3 2.0 2.9 3.4 2.0 4.8 3.7** 
G2 2.0 4.6 4.3 3.5 4.5 3.7** 
G1 2.0 4.9 4.9 4.6 4.2 3.6** 
3:1 
G6 1.8 1.9 1.2 0.5 4.2 4.9 
G5 1.8 1.9 1.2 0.6 4.8 4.9 
G4 1.8 1.9 2.6 1.1 4.8 4.8 
G3 1.8 1.9 3.2 3 4.7 4.9 
G2 1.8 4.9 4.3 4.6 4.8 4.6 
G1 1.8 4.7 4.9 4.9 4.9 4.9 
4:1 
G6 1.6 1.7 1.4 0.6 4.9 4.9 
G5 1.6 1.8 1.0 0.7 4.7 4.9 
G4 1.6 2.8 2.0 4.6 4.9 4.9 
G3 1.6 1.7 3.0 3.0 4.8 4.6 
G2 1.6 3.7 4.4 4.4 4.8 4.9 
G1 1.6 4.7 4.9 4.9 4.8 4.9 
Flat 
G6 1.1 0.9 0.7 0.7 4.8 4.9 
G5 1.1 0.9 0.9 0.9 4.7 4.9 
G4 1.1 0.9 1.2 1.2 4.4 4.9 
G3 1.1 1.4 2.8 2.8 4.8 4.9 
G2 1.1 3.4 4.6 4.6 4.5 4.9 
G1 1.1 4.7 4.9 4.9 4.9 4.9 
V
 =
 7
5
 m
p
h
 
2:1 
G6 1.7 1.5 1.5 1.7** 0.7** 1.4** 
G5 1.7 1.8 1.9 1.9** 0.9** 1.9** 
G4 1.7 3.0 1.6 1.9** 3.2** 2.4** 
G3 1.7 3.4 2.9 4.1** 3.2** 2.4** 
G2 1.7 4.4 4.6 4.1** 3.2** 2.4** 
G1 1.7 4.9 4.5 4.1** 3.2** 2.3** 
3:1 
G6 1.9 1.5 1.9 4.9 4.9** 1.3** 
G5 1.9 1.9 2.0 4.9 4.9** 1.8** 
G4 1.9 2.3 1.7 4.7 4.9** 2.8** 
G3 1.9 3.4 2.8 4.9 3.3** 2.8** 
G2 1.9 4.6 4.6 4.9 4.5** 2.8** 
G1 1.9 4.9 4.9 4.3 4.5** 2.6** 
4:1 
G6 1.9 1.3 1.6 4.9 4.9 4.9 
G5 1.9 2.0 1.6 4.9 4.9 4.9 
G4 1.9 2.2 2.0 4.9 4.9 4.9 
G3 1.9 3.9 2.8 4.7 4.9 4.9 
G2 1.9 4.5 4.5 4.6 4.9 4.9 
G1 1.9 4.9 4.9 4.8 4.7 4.7 
Flat 
G6 1.8 1.2 1.2 4.9 4.9 4.9 
G5 1.8 1.5 1.8 4.9 4.9 4.9 
G4 1.8 1.6 1.7 4.8 4.9 4.9 
G3 1.8 2.8 2.8 4.8 4.9 4.9 
G2 1.8 4.5 4.5 4.9 4.9 4.9 
G1 1.8 4.9 4.9 4.9 4.9 4.9 
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* = vehicle rollover at the grade transition 
** = vehicle became airborne when leaving roadside 
 
Table 5.12 Induced Side Skid Driver Response Summary – Soil Offset 
Factor 
             2270P                                      1100C 
No. of 
Rollovers 
No. of Non 
Rollovers 
No. of  
Rollovers 
No. of Non 
Rollovers 
DA 5 48 0               0  48 
DA 10 36 12               6  42 
DA 15 29 19               3  45 
DA 20 9 39               0  48 
DA 25 4 44               0  48 
DA 30 0 48               0  48 
     
50 mph 72 72               3  141 
75 mph 54 90               6  138 
     
Slope Flat 30 42               0  72 
Slope 4:1 34 38               0  72 
Slope 3:1 31 41               1  71 
Slope 2:1 31 41               8  64 
     
G6 30 18               3  45 
G5 29 19               2  46 
G4 22 26               2  46 
G3 14 34               1  47 
G2 20 28               1  47 
G1 11 37               0  48 
 
 It is interesting to note the differences as well as the similarities between this set 
of simulations, and the simulations done without the offset. Note that the induced lateral 
skid driver response was used for the soil offset. Based on the simulations provided in 
Table 5.1 and Table 5.2, the results are relatively similar to Table 5.10 and Table 5.11. 
Notice for the 1100C, the rollovers are essentially identical. This is because the vehicle 
experienced the same simulation. Based on the offsets, the car managed to stay within the 
bounds of the first and second offset. Therefore, there was really not a change in 
interaction between the vehicle and the soil. This can be observed as well for the 2270P 
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simulations. Notice how every simulation at a departure angle of 5 degrees produced the 
exact same result. This was because the truck never left the first offset, which was a G5 
soil. Therefore, the simulations were the exact same, at a departure angle of 5 degrees for 
G5. That is why there was a rollover for every case at a departure angle of 5 degrees. 
Thus, the large number of rollovers occurring at a shallow departure angle are because in 
these cases, the truck managed to stay within the bounds of the first offset G5, which is a 
soil that causes a greater potential for a rollover.  
 Therefore, there is a higher danger for offsetting the wrong kind of soil at the 
wrong offset distance. It is important to consider this when designing for the CRZ. It 
would be recommended then to use a very soft soil in the first layer of the offset, to 
decrease the speed of the vehicle, and thereby decreasing the energy of the vehicle. 
Unlike placing a stiffer soil, this would cause the vehicle to maintain its speed during the 
CRZ, and having a higher momentum while impacting the grade transition, or when 
implementing a recovery driver response.  
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CHAPTER 6 
6    CONCLUSION 
 Roadside safety design was not considered a major component to consider for 
roadway design until the 1960s. As traffic safety standards were introduced and improved 
over time, it became important to evaluate the safety criteria of new developments and 
implementations of new designs. The California Department of Transportation is required 
to comply with the National Pollution Discharge Elimination (NPDES) permit, which 
includes the infiltration of the 85th percentile of a 24-hour stormwater event runoff from 
highways and implementing soil based best managements practices. Stormwater BMPs 
are in place to prevent pollution in stormwater runoff as well as to facilitate the 
stormwater discharge from the road. The area proposed for the implementation of the 
BMPs are the road embankments/slopes located adjacent to the roadside. The 
embankments must be traversable and recoverable in order to meet roadside traffic safety 
standards.  
 This research concentrates on the objective to be able to provide quantifiable data 
regarding the effects of soft soils on the potential for rollover accidents. To accomplish 
this, a soil/vehicle interaction model was simulated using MsMac3D, an accident 
reconstruction software developed with 3 dimensional vehicular collision dynamics 
capacbilities. The software was used to prepare a library of simulations; simulations of 
which various driver responses, roadside geometries, departure conditions, velocities, and 
soil conditions were implemented to analyze the effects of such factors on the potential 
for rollovers. 
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 Upon the completion of the library, it provided data that led to the insight on the 
effects of the various factors studied. It was observed how the embankment slope does 
not necessarily provide a higher probability of rollovers, even though intuition might lead 
to believe a steeper slope, the higher the instabilities. The vehicle departure angle was 
also another factor that could not be seen to provide a direct effect on the increase for 
rollovers. Meanwhile, there were three factors that did show a direct effect on the 
potential for rollovers. 
 One of the most important factors that increased the probability for a rollover is 
simply the vehicle type. With a low center of gravity, the 1100C small car was seen to 
have a much lower rollover potential than that of the 2270P. The 2270P was seen to have 
the highest potential of rollover when traveling at higher speeds. The higher the velocity, 
the more energy it had for the rollover. As the vehicle begins to try to recover, the 
momentum is much greater at higher speeds, causing the vehicle to overturn much easier.  
Lastly, the main concern was the effects of the soft soil. A range was observed 
that had a much higher potential for rollovers. The range is not based on soil type, but 
rather soil properties, which dictate the sinkage. Stiffer soils, sinkage of around 0 to 0.5 
inches was seen to not provide enough plowing forces at the tires to overturn the vehicle; 
meanwhile, soft soils with sinkages of 3.0 inches or more did not produce a high 
probability of rollovers, contrary to common intuition. Although soil buildup does create 
large plowing forces, it is important to consider the entire system. The velocity of the 
vehicle is diminished more quickly upon departing the roadside, thus, as the driver begins 
to react and recover, the vehicle has lost a considerable amount of speed (energy), 
causing the momentum of the vehicle to be not great enough for a rollover. The range 
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that is of interest is then from 0.5 inches to 3.0 inches. This allowed enough build up at 
the tire to create large plowing forces, causing a large enough moment to overturn the 
vehicle. At the same time, it was not enough buildup to considerably lower the speed of 
the vehicle upon departure. This then created the case where the highest potential of 
rollovers existed. Of the rollovers produced for the 2270P induced lateral skid response, 
83% of those rollovers occurred in this sinkage range of interest. For the induced swerve 
maneuver, the sinkage range of interest lowers from 0 to 3.0 inches, due to the swerve 
maneuver inducing a higher energy when sharply turning, thus, adding extra energy at the 
time of the recover. Even then however, very soft soils were seen to not be a large 
contributor to rollover. 
Overall, over 3,000 simulations were completed, analyzed, and included in the 
simulation library. The simulation library provides quantifiable data that shows the 
effects of various factors for rollover potential, and the effects that soft soils have on the 
dynamics of a vehicle for the potential for a rollover.  
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APPENDIX B 
DRIVER RESPONSE MODEL 
EXCERPT FROM QUARTERLY PROGRESS REPORT OCTOBER-DECEMBER 
2018 SUBMITTED TO CALTRANS 
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Rollover 
 
Vehicle rollover represents a significant percentage of single-vehicle accidents and 
accounts for over 9,000 fatalities and over 200,000 non-fatal injuries each year. Rollover 
crashes are an important issue in automotive safety. Currently, the safety community is 
not only working on advancing injury countermeasures but is also investigating 
technologies to help avoid rollover crashes (Parenteau & Viano, 2003). Several test 
procedures have been developed to aid in the development and evaluation of these 
technologies. The common handling maneuvers used in a rollover tests are the following 
(see Figure 1):  
J-Turn 
 
The J-turn test is a single steer maneuver. Following the sudden turn, the steering 
wheel is held fixed for the remainder of the test. The steering wheel is turned in 0.33 sec 
from 0 to ± 330 degrees. The steering wheel is held at 330 degrees for the remaining 4.67 
sec. This maneuver is performed at initial speeds from 36 to 60 mph. The maneuver 
represents the vehicle’s open loop response to a step input in steering. 
Fishhook 
 
The Fishhook test is a steering reversal maneuver. It was originally developed by 
Toyota and corresponds to the vehicle turning with the steering angle changing from 0° 
to -270° and then from -270° to 600°. This maneuver is performed with entrance speeds 
of 34 to 50 mph. Two series are generally conducted, one with a first turn to the right and 
the other to the left. 
 
 
  109 
Double-Lane Change 
 
This maneuver was originally developed by General Motors 30 years ago and 
more recently adopted by Consumer Union for their short and long courses and is likely a 
basis for the “Elk or Moose” avoidance test that is now part of the ISO/DIS 3888 
standard. The test represents a changing vehicle path based on pre-determined cone 
placement in the road. The maneuver is carried out on a dry road. 
The study developed by Deleys & Parada (1986) analyzed the evidence that 
suggest that different classes of vehicles based on use and/or size exhibit distinct 
differences in rollover tendencies and developed a full-scale test with an instrumented 
automobile to verify the HVOSM (Highway-Vehicle-Object-Simulation-Model). This 
model was used to predict the dynamic responses of representative small and large cars 
encountering different roadside-feature configurations. The HVOSM software was the 
precursor to the Mcmac3d software. 
 
 
(a) 
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Figure 1. Rollover maneuvers: a) J-Turn, b) Fishhook and Double-Lane Change. 
(Source: ISO 3888) 
 
One of the main conclusions presented by the authors was that the side slope of 
fill embankments should be no steeper than 3:1, and preferably flatter, for fill heights 
greater than 3 ft (0.9 m) to reduce the likelihood of small-car-roll-over. 
Deleys & Parada (1986) also made a detailed literature review that presented the 
general state of knowledge of rollover accidents, particularly with regard to the frequency 
of occurrence for various classes of vehicles, the severity of such accidents in producing 
injuries to the vehicle occupants, and the identification of possible causative factors 
related to roadside features encountered by the vehicles as well as conditions at which 
vehicles depart from the roadway. The information was organized as follows: 
1. Vehicle classifications, 
2. Frequency of rollover accidents, 
3. Vehicle roadway-departure conditions, 
4. Occupant-injury frequency and severity, and 
5. Roadside features (those involved in rollover, and non-rollover, accidents). 
 
 
 
 
(b) 
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Vehicle Classifications 
 
According to the authors, there are four vehicle characteristics that may be used to 
correlate with the rollover rates: i) track (tread) width, ii) wheelbase, iii) overall height, 
and iv) curb weight. It was found that the track width, the wheelbase and the curb weight 
are strongly correlated, which meant that any of these variables may substitute for the 
other two in a model. The overall height is correlated with the other three variables but at 
a lesser extent.  
Frequency of Rollover Accidents 
 
From the analysis of different studies made in the 1970’s and early 1980’s, the 
authors concluded that rollover is an event mainly associated with single vehicle 
accidents (SVA). Calspan (Perchonok et al. 1978) examined the data contained in the 
NASS accident data file (from 1979 to 1981) to determine the relationship between the 
type of vehicle and its propensity to rollover and found that for a total of 3,156 SVA, 
10.33% had rollover as the first harmful event. Also, they found that the potential for 
rollover diminished when the vehicle weight increased.  
Malliaris et al. (1983) separated the car population into two groups, lighter cars 
(weight lower than 3500 lb) and heavier cars (weight greater than 3500 lb) and also 
showed that lighter cars have a higher relative rate (percentage of car involvements in 
accidents divided by percentage of car registrations). A similar finding was presented by 
Deleys & Parada (1986) computing relative rates using the data given by Reinfurt et al. 
(1982). 
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Vehicle-Roadway Departure Conditions 
McGuigan & Bondy (1980) reported that 85.7% of the vehicles in rollover 
accidents were sliding (including moving essentially forward with locked wheels) at the 
start of rollover. Approximately 48% of the vehicles were rotated at an angle of 90° to the 
direction of travel (i.e. skidding broadside) at initiation of rollover, and another 36% were 
moving at a slip angle of ±60°. However, it is reported that only 30% of the vehicles were 
spinning at the start of rollover.  
Perchonok et al. (1978), classified the attitude of vehicles before departing of the 
road in terms of whether they were tracking (the front and rear wheels where coincident) 
or non-tracking. The latter case indicated that the vehicle was either spinning or skidding 
with a sideways component of velocity and, hence, was likely to have been out of control. 
They found out that from 6,745 accidents for which the initial departure attitude could be 
ascertained, 30.7% involved non-tracking vehicles. Also, they concluded that vehicles 
were much more likely to “get away” without any impact if they were tracking, and non-
tracking vehicles were far more likely to experience rollover. In general, among non-
tracking vehicles, the proportion of rollovers was two to three times greater than for 
vehicles that were tracking when they left the roadway.    
Malliaris et al. (1983) analyzed the information contained in the NCSS 1978 
automated accident file to obtain the estimates shown in the Table, regarding the behavior 
of cars before accidents. The condition “Going Straight” means that the car apparently 
was under control by the driver and was not undergoing any maneuver such as turning, 
changing lanes, or passing, or in the case of car to vehicle collision was not stopped in 
traffic, parking, etc. all of which are including in the other category. “Out of Control” 
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means that the driver was not in control of the car, which was either spinning or skidding. 
It may be noted that skidding or spinning out of control is the main cause for single 
vehicle accidents. 
Table 1. Frequency of Pre-Crash Conditions of Cars (%). 
Pre-Crash  
Condition 
Single Vehicle 
Accident (SVA) 
Car to Vehicle 
Collisions 
All Accidents 
Going Straight 40.0 47.5 46.3 
Out of Control 49.5 11.7 18.2 
Other 10.5 40.8 35.5 
Total 100 100 100 
  
Wrigth & Zador (1980) reported that the average departure angle at 48 rollover 
crash sites examined in Georgia was 9.6°. Perchonok et al. (1978) show that the 
distribution of vehicle departure angles is slightly different for divided and undivided 
highways but is mostly affected by whether the vehicle traversed a lane adjacent to the 
one in which it was traveling prior to departure. Figure 2 presents the distribution of 
departure angles from Perchonok, who found that the mean departure angle was 13.9°, 
with a median of 10° and the 85th percentile was approximately 20°. 
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Figure 2. Distribution of departure angles for right-side departures from right lane. 
 
Similar departure angles were found by Viner (1985), using data from two 
sources: i) 1982 NASS Longitudinal Barrier Special Study and ii) “Analysis of 
Investigated Accidents” by the Southwest Research Institute (SWRI). Figure 3 and 
Figure 4 present the distribution of the departure angle and the distribution of the yaw 
angle, respectively, found by Viner. From Figure 4 it is observed that in half of the 
police-reported accidents studied, the vehicle was yawed at the moment of impact.  
 
 
Figure 3. Comparison of departure angle distribution from two accident database. 
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Figure 4. Comparison yaw-angle distributions from two accident database. 
 
Summary of Princple Findings 
 
• In most (50 to 80%) of the rollover accidents, the vehicles were skidding out of 
control at a large yaw angle prior overturning. 
• About half of all accidental departures from the roadway occurred at path angles 
greater than 15°, and most vehicles were estimated to have been traveling at 
speeds less than 40 to 50 mi/h. 
• Most rollovers occur within 30 ft (9.1 m) of the roadway, and relatively few occur 
or are initiated on the shoulder.  
• Embankments, ditches, and culverts are the roadside terrain features cited as 
being most frequently involved in overturn accidents. 
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• The likelihood of rollover increases with the steepness and height of side-slopes 
and the depth of ditches. This probability increases for fill/ditch height /depth 
greater than 3 ft (0.9 m).  
 
Driver Model 
Reaction Time 
When a human responds to a sensory input, the total reaction time (RT) can be 
decomposed into a sequence of components (Green 2000): 
Mental Processing Time (MPT) 
This is the time it takes for the responder to perceive that a signal (an event) has 
occurred and to decide on a response. For example, it is the time required to detect that a 
person is running across the roadway directly ahead and that the brakes should be 
applied. Mental processing time can be further decomposed into subcomponents: 
Sensation Time (ST) 
This is the time it takes to detect an object in the roadway (there is an obstacle in 
the road). If all the variables are the same, reaction time will be lower for greater signal 
intensity and better visibility conditions, e.g. brightness, contrast, size, loudness of the 
sign. It has been found that auditory warnings translate into shorter response time than 
the visual ones.  
Perception Time (PT) 
This is the time needed to recognize the meaning of the sensation (identify that 
the obstacle is a person, or that there is a speed bump in the road). Reaction time 
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increases with low signal probability, uncertainty (signal location, time or form), and 
surprise. 
Response Selection and Programming (RSPT) 
This is the time necessary to decide which, if any, response to make and to 
mentally program the movement. (“I should steer left instead of braking.”). Lower 
reaction times are obtained if the individual has multiple possible responses. Also, if the 
individual has previously experienced the situation will translate in shorter reaction times. 
Strictly speaking, mental processing time should not be called perception time because it 
reflects mental response preparation as well as perception. 
Movement Time (MT) 
This is the time it takes the responder’s muscles to perform the programmed 
movement. For example, it is the time required to lift the foot from the accelerator and 
then to touch the brake pedal. In general, the more complex the movement, the longer the 
movement time. Increased arousal level and practice decreased movement time. 
Device Response Time 
Is the time it takes the physical device to perform its response. For example, it 
may be measured as the time it takes to bring a car to a halt after brake engagement.  
According to Green (2000), in the strict sense of the word, reaction time must only be 
associated with the perception or mental component (sensing, perception and response 
selection). However, he also mentions that is difficult to separate the mental part of the 
reaction response from the movement action. Moreover, most of the studies available in 
the literature that have reported reaction times measurements includes the movement 
component in conjunction with the mental processing. Taking the above into 
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consideration, the combined perception and movement time will be called brake reaction 
time. Stopping time is brake reaction time plus device response time.  
Braking 
Humans operate under two information-processing modes: 
The Automatic Response 
The automatic response may be presented in two different situations. The first is 
when the driver reacts by instinct or by an innate stimulus, e.g. humans will tend to move 
in the direction opposite that of an object on a collision trajectory. The second one 
corresponds to highly practiced responses signals, the response is almost seen as a reflex 
as the response goes directly from the sensation recognition to the movement without the 
need of perception, e.g. hitting the brake pedal in response to the brake lights of the car 
ahead, this kind of response seems to occur automatically and without volition (Green 
2000). 
Attentive or controlled response 
This type of response is slower than the first one because it requires thought. It 
generally occurs when there are novel events that require extra processing time both in 
perception (more sensory input and more memory retrieval to interpret) and decision 
(more time required to assess significance and to decide what, if any, response is war 
ranted.) Attentive processing occurs, for example, when a driver sees an unexpected 
shape in the road, especially at night and other situations where visibility is poor (Green 
2000). 
Different methods have been used to calculate the stopping time (brake reaction 
plus device response time), for example (Barrett et al. 1968) determined that there exists 
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a relation between the speed of initial and full brake pedal depression. The fastest 
responders (about 0.8 sec) slammed on the brakes, going from initial to full depression in 
approximately 0.5 sec. Slower responders, however, took much longer to fully depress 
the pedal. Those with perception times of 1 sec, for example, took 0.8 to 1.0 sec for full 
depression, and the slowest responders never reached full depression at all. Because 
slower initial brake RTs mean slower pedal depression, the deceleration is slower, and 
stopping time and distance are greater. 
Regarding the distribution of reaction times among the reported population, 
research finds that it follows a right skewed distribution (gamma or normal) and finds 
that the mean value is 0.2 sec greater than the median.  
Types of reaction 
According to Green, there are three types of human reactions to signals, the 
expected, the unexpected, and the surprise. The estimate of Norman (1953) is probably 
the most representative result for the braking time under favorable or expected 
conditions—low uncertainty, intense visual, spatial signal location. The best expected 
brake reaction time is about 0.7 to 0.75 sec, which consists of about 0.5 to 0.55 
perception time and 0.2 sec movement time. Authors of a previous review (De Silva & 
Forbes 1937) reached a similar conclusion. 
According to Green’s conclusions, the best estimate is that brake reaction time to 
common, but uncertain signals is between 1.2 and 1.35 seconds. Standard deviations of 
the brake reaction time vary widely across studies, but 0.6 appears to be a generally good 
estimate. Therefore, the American Association of State Highway and Transportation 
Officials norm of a 2.5 sec brake reaction is a reasonable guess for time achievable from 
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90% to 95% of the general population. However, this estimate is only valid for a specific 
set of conditions: brake response to “normal” road events in good weather with high 
visibility. 
A few studies tested RT for truly unexpected, low probability signals. Most of 
these studies fit into the category of the intrusion (or incursion) paradigm, in which an 
object suddenly moves into the driver’s path from off the road. (Of course, each 
participant provides only one trial in order to maintain the surprise.) Although such 
events do happen in normal driving, they have very low probability and drivers have not 
had enough experience to develop automatic response. 
Surprise incursions produce slow brake reaction times. Hankey (1996) performed 
the best study, where a driver traveled a country road at 55 mph when another vehicle 
suddenly cut across an intersection immediately ahead. He found that brake RTs ranged 
from 1.55 to 1.80 sec depending on time-to-collision. Reaction times for steering was 
about 0.3 sec faster, roughly the extra time it takes to move the foot from accelerator to 
brake pedal. 
Risk Perception 
In general, the key factor that influences drivers’ responses is driver’s hazard 
perception. Driver hazard perception is a kind of driving ability that enables driver to 
detect an impending collision risk and make braking or evasive maneuvers to avoid 
collisions. There are two predominant hazard perception measures: 
1. driver response time to perceived risk, and 
2. the evaluation on the degree of perceived hazard 
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The evaluation on the degree of perceived hazard is easily affected by psychological 
status of the driver and the environmental conditions. It has been shown that driver 
braking behavior in near-crash scenarios is highly related to the notion of TTC (Time to 
Collision). Typically, when TCC drops below 10 seconds, the driver will start 
considering this as a risk situation and will start braking (Li et al. 2018).   
According to Li et al. (2018), the notion of driver risk response time is a quantitative 
index for the measure of the driver’s ability of hazard perception. It is defined using the 
TTC-t curve (like the one shown in Figure) and driver braking response in a near-crash 
scenario. 
 d b ct T T= −          (1) 
where td denotes the driver risk response time, Tb is the time when the driver starts 
braking, and Tc is the time when the time to collision start getting lower than 10 seconds. 
The slope of near-crash TTC curve reflects the change rate of driving risk. Usually, if 
there is a high slope of TTC-t curve in the braking case, the driver would instigate a 
braking response as soon as possible to reduce the potential collision risk.  
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Figure 5. Illustration of driver risk response time in TTC-t plot (Li et al. 2018). 
 
In their research Li et al. (2018), evaluated the reduction effect in the probability 
of crash due to the use of collision mitigation braking systems (CMBS). They tested 20 
people for 3 days while having participants ride in a vehicle for at least 6-7 hours per day. 
Using videos and sensors they were able to recreate a TCC-t plot for each driver, like the 
one presented in Figure 4, and obtained the results shown in Table 2. As can be seen, the 
mean response or reaction time since the perception of the risk situation to the moment of 
the brake action is about 1.17±0.14 seconds.  
Table 2. Driver Risk Response Time in Four Speed Ranges (Li et al. 2018). 
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Steering Ratio and Steering Angle 
Whereas most driver reaction time studies have examined braking responses, a few 
have measured steering times. Hankey (1996) found that drivers could make initial 
steering response about 0.3 sec faster than initial braking. In sum, it seems likely that 
initial steering response is a few tenths of a second faster than initial braking.  
In 2005 the United State Department of Transportation (USDOT) presented a study 
named “An Assessment of Human Driver Steering Capability” (Forkenbrock & Elsasser 
2005), using different vehicles and following a modified version of the ISO 3888-2 
double lane change was used. The characteristics of the vehicles tested in this study are 
presented in Table, as may be seen, the steering ratio varies from 16:1 to 17:1. 
Table 3. Test Vehicle Description (Forkenbrock & Elsasser 2005). 
 
Proposed Response Model 
The proposed analysis scheme is similar to a Fishhook test, the difference will be 
the departure angles and the steering maneuvers, that will not be as extreme as the 
fishhook test. A similar analysis was made by (Peters & Iagnemma 2009) who developed 
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a complete dynamic review of a vehicle stability at off-road conditions, as may be seen in 
Figure 6. 
 
 
Figure 6. Analysis scheme proposed by Peters & Iagnemma, (2009) (Vehicle speed 
60 mph). 
 
Also, according to the literature review presented above, the research team 
propose the following scheme of analysis: 
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Analysis 1 
Analysis 1 considers a short reaction time of 0.7 seconds. The driver starts 
steering the wheel 0.2 seconds before, which means that the driver realizes that they have 
left the road 0.5 seconds after the simulation begins.  
Table 4. Driver Maneuver Input Values for Analysis 1. 
Time (s) Driver Maneuvers 
0 The vehicle outs the road 
0.5 
Steer-wheel (300°) = 300/(steering ratio) = using a 
steering ratio of 16:1 we get 18.75⁰ (it takes 
approximately 0.2 seconds in makes all the turning) 
0.7 
Start braking (different conditions will be 
evaluated) for 2 seconds 
2.7 Start accelerating again 
 
Analysis 2 
In Analysis 2 a longer reaction time, 1.2 seconds, is considered. For this analysis 
the driver starts steering the wheel 0.2 seconds before, meaning that the driver realizes 
that they have left the road at 1.0 seconds after the beginning of the simulation. 
Table 5. Driver Maneuver Input Values for Analysis 2. 
Time (s) Driver Maneuvers 
0 The vehicle outs the road 
1.0 
Steer-wheel (300°) = 300/(steering ratio) = using a 
steering ratio of 16:1 we get 18.75⁰ (it takes 
approximately 0.2 seconds in makes all the turning) 
1.2 
Start braking (different conditions will be 
evaluated) for 2 seconds 
3.2 Start accelerating again  
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